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1  | INTRODUC TION

For understorey plants growing in temperate forests, photosyn-
thetic carbon assimilation is strongly tied to the seasonality of light 
availability (Heberling, Cassidy, et al., 2019; Heberling, McDonough 
MacKenzie, et  al.,  2019). Although plants are limited by access to 
light by overstorey trees for most of the growing season, many un-
derstorey species (including tree seedlings) have adapted to expand 

their leaves before the canopy closes in spring and/or maintain 
their leaves after the canopy has reopened in fall to gain access 
to direct light. This behaviour, called phenological escape (Jacques 
et al., 2015), has been shown to allow understorey species to accu-
mulate more than half of their annual net carbon assimilation earlier 
in the spring before canopy closure (Heberling, Cassidy, et al., 2019; 
Kwit et  al., 2010). Under current climate change, quantifying phe-
nological escape becomes critical; with warmer springs, the rate of 
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Abstract
1.	 Understorey plants in deciduous forests often rely on access to ephemeral light 

availability before the canopy closes in spring and after the canopy reopens in fall, 
a strategy commonly referred to as phenological escape. Although there is evi-
dence for a relationship between understorey plant phenology and demographic 
performance, a mechanistic link is still missing.

2.	 In this study, we bridged this gap by estimating annual carbon assimilation as a 
function of foliar phenology and photosynthetic capacity for seedlings of two 
temperate tree species that commonly co-occur across eastern North America. 
We then modelled the relationship between estimated carbon assimilation and 
observed seedling survival and growth.

3.	 Our results indicate that seedlings of both species strongly depend on spring phe-
nological escape to assimilate the majority of their annual carbon budget and that 
this mechanism significantly affects their likelihood of survival (but not growth). 
Foliar desiccation also played a strong role in driving patterns of seedling sur-
vival, suggesting that water availability will also help shape seedling recruitment 
dynamics. We found only weak associations between seedling senescence in fall 
and annual carbon assimilation, suggesting that phenological escape in fall plays a 
relatively minor role in seedling demographic performance.

4.	 Our results indicate that spring phenological escape is critical for survival of these 
temperate tree species, and thus, any changes to this dynamic associated with 
climate change could strongly impact these species' recruitment.
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phenological change between the canopy and the understorey, as 
well as among co-occurring species, could differ and consequen-
tially impact photosynthetic performance of understorey plants. 
Although this dynamic has received recent attention in the scientific 
literature (Heberling, Cassidy, et  al.,  2019; Heberling, McDonough 
MacKenzie, et  al.,  2019; Kwit et  al.,  2010), there is relatively little 
work investigating the potential effects that climate-driven changes 
to phenological escape will have on plant performance.

Previous research has found correlations between leaf out 
phenology and various performance metrics such as growth, sur-
vival and fruiting (Augspurger,  2008; Routhier & Lapointe,  2002; 
Seiwa, 1998), but correlative studies such as these may be inaccurate 
if relationships are nonlinear. For example, although earlier leaf out 
may provide tree seedlings with increased access to light, potentially 
improving performance, it also places them at higher risk of death 
from early spring frost events (Vitasse et  al.,  2014). Furthermore, 
correlative studies may be of little use if climate change results in 
non-analogue climate conditions outside of the range of variation 
in the studies (Jackson & Williams, 2004). Therefore, a more mech-
anistic understanding of the physiological mechanisms that underlie 
these patterns might help to develop more accurate predictions of 
future plant performance.

In forests, linking phenological escape of tree seedlings to de-
mographic performance will be particularly important because of 
the implications for tree recruitment dynamics. Tree recruitment is 
a strong bottleneck that filters which individuals eventually recruit 
into the canopy (Grubb, 1977; Harper, 1977), and it is also the stage 
at which trees are most likely to experience non-random, directional 
mortality (Green et al., 2014; Umaña et al., 2016). One possible ap-
proach would be to quantify performance by estimating phenolog-
ical escape success via carbon status, which has been shown to be 
a good predictor of plant demographic success (Hlásny et al., 2011; 
Hoch et al., 2013; Korol et al., 1991; Lusk & Del Pozo, 2002; Piper 
et al., 2009). If phenological escape determines seasonal carbon as-
similation (e.g. if seedlings with earlier leaf out relative to the canopy 
experience greater net carbon assimilation), it will thus likely also af-
fect tree seedling performance and consequent recruitment.

When carbon status decreases to the point where plants are no 
longer able to meet metabolic demand, they can succumb to death 
via carbon starvation (McDowell & Sevanto, 2010; Sala et al., 2012). 
Accessing spring light via phenological escape allows understorey 
plants rise above this threshold, but they must then avoid moving 
back below the threshold for the remainder of the growing season. 
In shady closed-canopy conditions, this often requires plants to 
adjust their photosynthetic capacity to minimize respiration costs. 
Photosynthetic capacity also acclimates to photoperiod (Bauerle 
et al., 2012), light availability (Peltier & Ibáñez, 2015) and tempera-
ture (Larigauderie & Körner, 1995) over the course of the growing 
season, and there is variability among species regarding the plas-
ticity they exhibit (Patrick et al., 2009). Furthermore, species differ 
in their photosynthetic capacity (often summarized as shade toler-
ance; Niinemets,  2010), causing differences in carbon assimilation 
rates even when exposed to the same microenvironment (Walters 

& Reich,  1996). Warmer summer temperatures can cause dispro-
portionally greater increases in plant respiration rates compared to 
increases in photosynthetic assimilation rates (Caemmerer,  2000), 
although there is evidence that suggests that respiration eventually 
reacclimates (Larigauderie & Körner,  1995; Smith & Dukes,  2013). 
Additionally, increases in vapour pressure deficit (VPD) associated 
with increased temperature may simultaneously limit photosynthetic 
activity by reducing stomatal conductance (Grossiord et al., 2020). 
Greater respiration costs associated with temperature and reduced 
photosynthetic assimilation caused by reduced light and increased 
VPD are therefore likely to combine to result in carbon assimilation 
dynamics where net change in carbon status over summer is over-
whelmingly negative (Slot & Kitajima, 2015). This could potentially 
compromise a plant's ability to maintain a positive carbon status 
throughout the growing season and lead to subsequent carbon star-
vation (Dickman et al., 2015).

Photosynthetic activity, and thus plant carbon status, can also be 
affected by biotic factors. Natural enemies, such as pathogens and 
herbivores, can directly limit plant carbon assimilation by reducing 
the amount of photosynthetically active tissue (Nabity et al., 2009). 
Carbon assimilation of understorey plants may also be affected by 
surrounding canopy trees both directly, via variation in canopy open-
ness, and indirectly via soil-mediated mechanisms. The latter include 
plant–soil feedback effects (McCarthy-Neumann & Ibáñez,  2012), 
allelopathic effects (Gómez-Aparicio & Canham, 2008; Pellissier & 
Souto, 1999; Ruan et al., 2016) and soil nutrient availability (Classen 
et al., 2015; Phillips & Fahey, 2006), all of which have been shown 
to differ according to the identity of neighbouring canopy trees. 
Therefore, a robust estimation of tree seedling carbon status will 
require accounting for neighbourhood effects from surrounding 
canopy trees.

In this experiment, our goal was to evaluate the extent to which 
foliar carbon assimilation is associated with the performance of 
seedlings of two co-occurring temperate tree species (Acer saccha-
rum and Quercus rubra) that differ in their foliar phenology, photo-
synthetic characteristics, shade tolerance, and response to drought. 
Specifically, we addressed the following questions: (a) What propor-
tion of annual foliar carbon assimilation is accumulated during spring 
and fall phenological escape, and is there a difference in importance 
between the two seasons? (b) How does net annual carbon assimi-
lation relate to seedling demographic performance (i.e. growth and 
survival)? Answers to these questions will provide a more mechanis-
tic link between phenological escape and tree seedling performance, 
knowledge that will help to predict how tree recruitment will be im-
pacted by climate change.

2  | MATERIAL S AND METHODS

To address our research questions, we conducted a field experiment 
where we transplanted seedlings of two widely co-occurring temper-
ate tree species near conspecific and heterospecific adults and ob-
served their foliar phenology, photosynthetic gas exchange, survival 
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and growth. We estimated net carbon assimilation by combining the 
phenology observations with photosynthetic rates derived from the 
gas exchange measurements and with hourly measurements of tem-
perature, light, soil moisture and vapour pressure deficit. We then 
used generalized mixed effects models in a Cox survival model to ex-
plore how carbon assimilation affects seedling survival and growth 
respectively.

2.1 | Experimental design

2.1.1 | Study locations

This study took place at three sites in southeastern Michigan, United 
States: Saginaw Forest (42.270977  N, 83.806022  W), Radrick 
Forest (42.287083 N, 83.658056 W) and the E. S. George Reserve 
(42.457104 N, 84.020226 W). Forests in all three locations were es-
tablished in the early 1900s following forest clearing and are currently 
dominated by mid- and late-successional canopy genera, such as 
Acer, Carya, Prunus and Quercus. Radrick Forest and the E. S. George 
Reserve have relatively diverse canopies while plots in Saginaw Forest 
were established in former monocultures of Acer saccharum and 
Quercus rubra. Climate across all sites is similar, with average June–
August temperatures of 22°C, average December–February tempera-
tures of −6°C and average annual precipitation of 925 mm distributed 
evenly throughout the year. Average canopy openness (Global Site 
Factor, GSF) at plots across sites was 12.6 ± 3.5% standard deviation, 
values characteristic of relatively closed canopies and shady summer 
conditions. GSF was similar across sites and between canopy species 
treatments (Figure S1).

2.1.2 | Study species

We planted seedlings of two species native to and commonly co-
occurring across eastern North America: late-successional sugar 
maple (Acer saccharum, Marsh.) and mid-successional northern 
red oak (Quercus rubra, L.). These two species were chosen be-
cause they differ in their shade tolerance (Crow,  1988; Lei & 
Lechowicz,  1990; Walters & Reich,  1996), phenological escape 
(Augspurger & Bartlett,  2003) and photosynthetic characteris-
tics (Kaelke et  al.,  2001; Peltier & Ibáñez,  2015). Acer saccharum 
seedlings are highly shade tolerant and are typically one of the 
first species in these forests to leaf out in spring whereas Q. rubra 
seedlings are only moderately shade tolerant and leaf out later in 
spring, sometimes at the same time as canopy closure. Quercus 
seedlings typically have higher maximum photosynthetic rates than 
Acer seedlings (Kaelke et al., 2001; Peltier & Ibáñez, 2015) and are 
also considered to be more drought tolerant (Abrams, 1990; Bahari 
et al., 1985; Loewenstein & Pallardy, 1998). Adults of these species 
have been shown to differ in stomatal regulation (Cavender-Bares 
& Bazzaz, 2000; Loewenstein & Pallardy, 1998) and wood anatomy 
characteristics (diffuse- vs. ring-porous xylem, respectively; Roman 

et  al.,  2015), although most of these traits have not been directly 
measured in seedlings and may not be consistent across ontogeny 
(Cavender-Bares & Bazzaz, 2000). Quercus rubra acorns are substan-
tially larger than A. saccharum seeds (Barnes & Wagner Jr.,  2004) 
and therefore likely confer greater initial carbon sources to first-year 
tree seedlings.

2.1.3 | Field experimental set-up

For three consecutive years, 2014–2016, seeds from each species 
sourced from multiple populations (see Table  S1 in Supporting 
Information for seed source information) were cold-stratified 
and sown in a greenhouse in large tubs of potting soil (Sun Gro 
Horticulture). Following germination and development of their 
first true leaves, seedlings were bare root transplanted to the 
field. At each site, seedlings were planted in plots established 
under the canopy of six adult trees, three A. saccharum and three 
Q. rubra; this would expose seedlings to conspecific and hetero-
specific soil communities. Depending on seedling availability in 
each year, 5–10 seedlings per target species were transplanted 
in separate rows extending from the base of each adult canopy 
tree (Table  S1). In total, we planted 290 A. saccharum seedlings 
and 320 Q. rubra.

2.2 | Data collection

2.2.1 | Environmental data

One data recording station was established at each site to collect en-
vironmental data under the forest canopy. Each station was equipped 
to measure hourly temperature (°C) and relative humidity (%) using 
HOBO U23 Pro v2 data loggers (Onset Computer Corp.) and hourly 
soil moisture (%) and photosynthetically active radiation (PAR; 
μmol photons m−2  s−1) using HOBO Smart Sensors in combination 
with HOBO Micro Stations (Onset Computer Corp.). Additionally, 
plot-level variation in soil moisture was regularly measured using a 
Fieldscout TDR300 soil moisture meter (Spectrum Technologies) at 
multiple times throughout the growing season. Plot-level variation 
in midseason light availability was measured by taking hemispheri-
cal canopy photos at a height of 1  m above seedling level with a 
Sigma SD14 camera equipped with a Sigma 4.5 mm circular fisheye 
lens (Sigma Corporation) each year after the canopy at each plot had 
completely closed. For each photo, we calculated the Global Site 
Factor (GSF) using Hemiview software (Delta-T Devices), ranging 
from zero (fully closed canopy) to one (fully open).

2.2.2 | Foliar phenology

We observed leaf-level dates of leaf expansion for seedlings in 
spring and dates of onset of seedling leaf colour change, 50% leaf 
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colour change (<50% of leaf area remains green) and leaf senes-
cence in fall (complete abscission from the plant) beginning the 
year after planting and going through the end of the 2018 growing 
season. Seedling phenology was observed weekly in spring and 
fall, ending in spring when all seedlings had expanded their leaves 
or been declared dead and ending in fall when all seedlings had 
fully senesced their leaves.

2.2.3 | Damage

Since leaf damage can affect seedling demographic performance 
directly by reducing photosynthetic tissue (Gerhardt,  1998; 
Seiwa,  1998) and indirectly through reductions in photosynthetic 
capacity, we observed leaf damage for all seedlings coinciding with 
the weekly phenology observations in spring and fall and then ap-
proximately monthly over the rest of the summer. Annual leaf dam-
age was assessed by approximating the total percent area per leaf 
removed by herbivory or infected by a foliar pathogen to the nearest 
5%. Herbivory damage was classified as either mammal or inverte-
brate herbivory. Plant infection was identified as discoloration of 
leaf tissue not attributable to resorption of nutrients. Plants were 
also monitored for foliar desiccation, which entailed having green 
leaves that were crisp to the touch and not photosynthetically active 
(determined initially via gas exchange measurements for a subset 
of seedlings and then visually thereafter). Importantly, we use the 
term ‘desiccation’ to signify that these observations only reflect leaf-
level observations, which may or may not be representative of whole 
plant water status.

2.2.4 | Seedling growth and survival

Individual mortality was recorded during the phenology and dam-
age censuses when mortality was obvious (e.g. for fully uprooted 
plants) or during spring of the following year if the individual did 
not produce new leaves. Mortality events that were clearly unre-
lated to carbon assimilation dynamics (e.g. death directly resulting 
from squirrel or deer herbivory/uprooting) were not included in 
the survival analyses. Seedling height (distance from soil to apical 
meristem) was recorded prior to planting to account for maternal 
effects, which have previously been demonstrated to affect tree 
seedling growth and survival (Castro,  1999; González-Rodríguez 
et al., 2011; Ibáñez et al., 2017). Height growth was then measured 
annually thereafter at the end of each growing season. Although 
radial stem growth has also been strongly linked to survivorship 
(Martin et al., 2010), particularly for shade-tolerant seedlings such 
as A. saccharum which can persist for decades in the understorey 
with relatively little vertical growth (Marks & Gardescu, 1998), we 
chose to measure height growth as it is more commonly used to 
categorize recruitment stages (Green et al., 2014) and is strongly 
correlated with light availability (Montgomery,  2004; Wagner 
et al., 2009).

2.2.5 | Carbon assimilation

We used an LI-6400 Portable Photosynthesis System equipped 
with a CO2 mixer assembly and LI-02B LED red/blue light source 
(Li-COR Biosciences) to measure in situ gas exchange for a sub-
set of transplants following spring leaf expansion and continuing 
through the growing season. Gas exchange measurements were 
taken once every 2  weeks in spring and fall and approximately 
monthly during the summer for the 2015–2017 growing sea-
sons. We constructed A-Ci (at 400, 300, 200, 100, 50, 400, 400, 
600, 800, 1,000, 1,250 and 1,500 ppm CO2) and A-Q curves (at 
1,500, 1,000, 750, 500, 250, 125, 60, 30, 20, 10 and 0 μmol pho-
ton m−2 s−1) for each seedling, maintaining ambient humidity and 
temperature. Leaves smaller than the cuvette were traced in the 
field and leaf area was measured using ImageJ software (Schneider 
et al., 2012). Soil moisture was measured at the individual seedling 
level during each measurement using the Fieldscout TDR300 Soil 
Moisture Meter.

2.3 | Analyses

2.3.1 | Photosynthesis

We analysed our gas exchange data using a Bayesian adaptation 
of the Farquhar et  al.  (1980) model of C3 photosynthesis origi-
nally developed by Patrick et al. (2009) and then further modified 
by Peltier and Ibáñez (2015). In short, this modelling approach 
allowed us to estimate seasonal photosynthetic capacity at the 
species level that incorporates the effect of environmental vari-
ables (i.e. light, temperature and water availability) in the esti-
mation of net photosynthetic activity. A detailed description of 
the model (along with supplemental analysis) can be found in the 
Supporting Information along with tables of associated param-
eter definitions (Table  S2) and parameter posterior estimates 
(Table S3).

Because photosynthetic rates have been shown to vary over 
the course of the growing season (Bauerle et  al.,  2012; Peltier & 
Ibáñez, 2015), we estimated photosynthesis model parameters for 
each of the following phenophases: (a) spring period between leaf 
out and the day of canopy closure; (b) summer, defined as the time 
between canopy closure and the beginning of seedling leaf color-
ation; (c) fall 1, the time between the onset of coloration and when 
a specific leaf had surpassed 50% of coloration; and (d) fall 2, mea-
surement taken between 50% coloration and leaf senescence. Day 
of canopy closure in the spring was defined as the day on which the 
average daytime PAR (between 10:00 and 17:00 hr) dropped below 
100 μmol m−2 s−1 and then did not increase above that threshold for 
1  week (Figure  S2, in order to rule out the possibility of low light 
resulting from cloudy days). Preliminary analysis did not indicate 
differences in photosynthetic rates based on seed source, seedling 
cohort or seedling age, so these variables were not included in the 
analysis.
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2.3.2 | Carbon assimilation estimates

We used hourly climate data [temperature, VPD, soil moisture 
and light (photosynthetic active radiation; PAR)] collected from 
our site-level environmental stations and simulated at the plot 
level (see Appendix S3 in Supporting Information for details on 
data simulation) into the fitted photosynthesis model and esti-
mated hourly rates of foliar carbon assimilation for each seedling. 
Parameter estimates depended on the seedling species, seedling 
phenophase and canopy tree species they were planted under. 
We then adjusted calculations according to individual leaf area, 
which varied over time to reflect observed reductions in leaf 
area caused by herbivory for individual plants. Hourly estimates 
of carbon assimilation were then summed over the duration of 
the growing season, resulting in estimations of net annual foliar 
carbon assimilation (Figure  1) representing the net amount of 
CO2 assimilated by seedling leaf tissue over the course of the 
growing season (mol CO2/year) for each individual (full descrip-
tion of this process is included in Appendix S4 in the Supporting 
Information). Importantly, we did not measure soil respiration 
or stem photosynthesis, and so this value does not reflect total 
seedling carbon status. However, carbon assimilated by the stem 
is proportionally negligible compared to foliar assimilation (Pfanz 
& Aschan, 2001), so net annual foliar assimilation is representa-
tive of gross annual carbon accumulation before accounting for 
below-ground respiration. We then modelled the relationship be-
tween seedling foliar phenology (day of leaf out in spring or day 
of leaf senescence in fall) and estimated annual foliar assimilation 
using linear models in the lm package in r (v3.5.3) with day of 
event as a fixed effect.

2.3.3 | Survival

We analysed seedling survival using a Bayesian Bernoulli model 
where the probability of survival (p) for each seedling (i) to the 
end of the growing season in year (t), dead Survivali,t  =  0 or alive 
Survivali,t = 1, is estimated with likelihood:Survivali,t ∼ Bernoulli(pi,t), 
and process model: logit(pi,t) = log

(

pi,t

1− pi,t

)

= �Xi,t. We systematically 
evaluated models for best fit using different combinations of eight 
covariates and seven categorical variables (Table S4), the latter in-
cluded as random effects. Models started with an intercept (β0) and 
a foliar carbon assimilation term (βC):

where CAnnual is each seedling's estimated net annual foliar carbon 
assimilation in a given year. Values of all continuous covariates, in-
cluding CAnnual, were standardized around their respective means. 
Covariates and random effects (Table S4) were then added one at a 
time with models being iteratively chosen based on best fit according 
to the area under the receiving operator characteristic curve (AUROC; 
Metz, 1978; Murtaugh, 1996). A description of the AUROC criterion 
is available in the Supporting Information (Appendix S5) and posterior 
estimates of intercepts, covariates and random effects are available in 
Table S5. To avoid overparameterization of the models, either plot or 
site random effects, but not both, were allowed in each best-fit model. 
Each species was analysed independently. The relationship between 
carbon assimilation and survival was estimated and plotted by using 
the average values of all continuous covariates (besides assimilation) 
and assuming that all binary covariates equal zero (see Appendix S4 in 
Supporting Information for further detail).

logit(pi,t) = �0 + �C ∗ CAnnuali,t
,

F I G U R E  1   (a) Average tree seedling 
net foliar CO2 assimilation estimates 
(±95% confidence intervals) for spring, 
summer and fall. Panels on the right show 
examples of (b) additive CO2 assimilation 
and (c) average daily assimilation rates 
for representative Acer saccharum 
(blue, circles) and Quercus rubra (yellow, 
triangles) individuals
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2.3.4 | Growth

Growth measurements, standardized for each seedling i and year t, 
were analysed with a normal likelihood: Growthi,t ∼ N(�i,t, �

2), limited 
to positive values, and process model:�i,t = �0 + �Xi,t. We evaluated 
models for best fit using combinations of CAnnual and the same covari-
ates described in the survival analysis, with the addition of a seedling 
random effect. Only seedlings with non-negative growth values were 
included in this analysis. Negative growth values were generally asso-
ciated with stem die-back or deer herbivory and did not represent the 
realized growth of each seedling. Model selection for growth models 
was done based on comparisons of the Deviance Information Criterion 
(DIC; Spiegelhalter et al., 2002) and on goodness of fit (R2, predicted 
vs. observed), fully described in Appendix  S5 in the Supporting 
Information. Posterior estimates of all growth model parameters are 
available in Table S6. Species were analysed individually.

In both analyses, covariate parameters were estimated from non-
informative normal distributions β* ~ N(0, 1,000). Random effect pa-
rameters associated with the categorical variables were estimated 
from hierarchical normal distributions �∗ ∼ N(0, �2

� ∗
). Precision pa-

rameters (1/variance) were estimated from non-informative gamma 
prior distributions 1∕�2

� ∗
∼ Gamma(0.001, 0.001). All models were 

run using OpenBUGS software v3.2.3 (Lunn et  al.,  2009). We 
tracked 40,000 iterations for three Monte Carlo chains following 
a 30,000-iteration burn-in period. Convergence of parameters was 
assessed visually and by using the Brooks–Gelman–Rubin statistic 
(Gelman & Rubin, 1992), and models were iterated until convergence 
was reached. Parameter values (means, variances and covariances) 
were estimated from their posterior distributions. Data and model 
code for all analyses are available (see Data Availability Statement).

3  | RESULTS

Seedling mortality rates were high for both species. Of the 70 A. sac-
charum and 115 Q. rubra seedlings that survived at least 1 year, 27 and 
94 survived to the end of the study respectively. Data were recorded 
every year that a seedling was alive, however, so seedling survival mod-
els had n = 116 and 167 and growth models had n = 72 and 86, for A. 
saccharum and Q. rubra respectively. Sample sizes in the growth mod-
els were lower because growth was not measured the year a seedling 
died. Quercus rubra seedlings (146.2 ± 34.9 mm) were taller on average 
than A. saccharum seedlings (76.7 ± 14.4 mm) at the time of planting 
but had slightly lower annual growth rates thereafter (19.7 ± 14.9 mm/
year and 23.7 ± 16.1 mm/year respectively). The photosynthesis mod-
els were fit using a total of 254 and 259 paired A-Q and A-Ci curves for 
A. saccharum and Q. rubra seedlings respectively.

3.1 | Photosynthetic capacity

Model fits for the seedling gas exchange models (R2, predicted vs. 
observed) were 0.72 for A. saccharum seedlings and 0.76 for Q. rubra 

seedlings. Photosynthetic parameter posterior estimates (Figure S3) 
were similar to values published elsewhere for these two species 
(Peltier & Ibáñez, 2015). A full list of parameter posterior estimates 
can be found in Table S3.

We found significant differences in Vcmax25 between the two 
seedling species, but the differences that were observed depended 
on the species of neighbouring tree (Figure  S3c,d). Quercus rubra 
Vcmax25 was consistently greater compared to that of A. saccharum 
seedlings, with significant differences in spring and summer when 
planted near mature A. saccharum trees and in spring and fall 1 
when planted near mature Q. rubra. Quercus rubra Vcmax25 did not 
significantly differ according to phenophase or neighbour identity. 
However, A. saccharum Vcmax25 was significantly higher in summer 
when planted near mature Q. rubra. Phenophase also affected A. 
saccharum seedlings when planted near mature Q. rubra, with sig-
nificantly higher Vcmax25 in summer compared to spring and fall 1.

RuBP regeneration-limited carbon assimilation rate (Jmax25) ex-
perienced a relatively higher degree of variation compared to Vcmax25 
(Figure  S3a,b). Acer saccharum seedlings planted near conspecific 
adults had significantly higher spring Jmax25 and significantly lower 
summer and fall 1 Jmax25 compared to when planted near mature Q. 
rubra. Quercus rubra seedling Jmax25 was only significantly affected 
by neighbour identity in fall 1, when Jmax25 was significantly greater 
when planted near mature conspecifics. Both species showed strong 
variation in Jmax25 associated with phenophase, but patterns tended 
to differ between the two canopy treatments. Rates were more con-
sistent across phenophase when planted near adult A. saccharum 
whereas both species had significantly lower spring Jmax25 com-
pared to the other phenophase bins when planted near mature Q. 
rubra. In general, Q. rubra seedlings had higher Jmax25 compared to 
A. saccharum seedlings in spring, summer and fall 1, regardless of 
canopy treatment or phenophase.

Rates of dark respiration (Rd25) did not differ significantly by 
seedling or canopy species (Figure S3e,f), but there were some sig-
nificant differences associated with phenophase. Rates tended to be 
highest in fall 1 and fall 2 for both species, with the lowest respi-
ration rates occurring in spring and summer. Stomatal conductance 
(gm25) similarly did not differ significantly by seedling or canopy 
species (Figure S3g,h). It only significantly differed by phenophase 
for A. saccharum seedlings planted near Q. rubra canopy trees, with 
rates in summer that were significantly lower compared to those in 
fall 1 and fall 2.

3.2 | Water availability and VPD effects

Soil moisture had a significant positive association (i.e. confidence 
intervals did not overlap 0) with Jmax25 in spring and summer for 
both species and this association was significantly negative in fall 
1 (Figure  S4). There were significant differences between species 
in spring, summer and fall 1 where A. saccharum seedling Jmax25 
consistently had stronger correlations with soil moisture. VPD had 
significantly positive correlations with Jmax25 in spring and summer, 
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but the effects in fall 1 and 2 differed between species. VPD was 
positively associated with Jmax25 for Q. rubra seedlings (significantly 
so in fall 2) but negatively associated with Jmax25 for A. saccharum 
seedlings (significant in fall 1). The effect of VPD only significantly 
differed by species in fall 1 and 2.

Soil water availability had relatively weaker correlations with 
Vcmax25 for both species (Figure  S5). The associations with soil 
moisture were significantly positive for both species in summer and 
significantly negative for A. saccharum seedlings in fall 1. Fall 1 was 
also the only season where associations with soil moisture differed 
between the two species. The only significant association Vcmax25 
had with VPD was for A. saccharum seedlings in fall 1, which was sig-
nificantly negative. There was no phenophase where the magnitude 
of the association differed significantly between species.

3.3 | Net annual assimilation

Annual foliar CO2 assimilation estimated at the individual level 
ranged from −0.014 to 0.364 mol CO2/year and 0.001 to 0.453 mol 
CO2/year for A. saccharum and Q. rubra seedlings respectively. For 
A. saccharum seedlings, an average of 84.3% of foliar carbon was as-
similated in spring, 15.9% was assimilated in summer and −0.2% was 
lost in fall (i.e. respiration in fall was greater than photosynthetic as-
similation for this species; Figure 1). In contrast, an average of 52.5% 
of Q. rubra seedling annual carbon was assimilated in spring, 43.5% 
was assimilated in summer and 4.0% was assimilated in fall (Figure 1).

The correlations between estimated annual CO2 assimilation and 
seedling leaf out phenology were stronger than the correlations with 
leaf senescence phenology for both species (Figure 2). Day of leaf 
out in spring (Figure 2a) was significantly negatively correlated with 
estimated annual CO2 assimilation for A. saccharum (adj. R2 = 0.406, 
p < 0.05) and Q. rubra seedlings (adj. R2 = 0.16, p < 0.05). Day of leaf 
senescence in fall (Figure 2b) negatively correlated with estimated 
annual CO2 assimilation for A. saccharum seedlings (p  =  0.33) and 

positively correlated with estimated Q. rubra assimilation (p = 0. 30), 
but neither relationship was statistically significant.

3.4 | Seedling survival

In addition to CAnnual, the best-fit survival models for both spe-
cies included covariates for the presence of foliar desiccation and 
percent foliar damage, with the A. saccharum survival model also 
including a term for signs of deer herbivory. The effect of annual 
carbon was positive and significant for both species while the ef-
fects of desiccation and percent leaf damage were negative and sig-
nificant (Figure 3). Deer herbivory had a negative but nonsignificant 
effect on A. saccharum seedling survival (Figure  3a). Model fit for  
A. saccharum was highest when site random effects were added and 
the best-fit model for Q. rubra survival included plot-level random 

F I G U R E  2   Relationships between 
estimated net annual CO2 assimilation 
and (a) day of leaf out or (b) day of leaf 
senescence. Blue lines and symbols 
represent the trends for Acer saccharum 
seedlings and yellow lines and symbols 
represent trends for northern Quercus 
rubra seedlings. Symbol shading indicates 
whether seedlings were planted under 
A. saccharum (filled) or Q. rubra (empty) 
canopy trees

F I G U R E  3   Posterior estimated means and 95% credible 
intervals (CI) for survival model parameters for (a) Acer saccharum 
and (b) Quercus rubra seedlings. Asterisks indicate parameter 
estimates that are significantly different from zero
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effects. The models resulted in AUROC values of 0.912 and 0.891 
for A. saccharum and Q. rubra seedlings respectively. All parameter 
values can be found in Table S5.

The negative association with desiccation was of similar magni-
tude to the positive association with CAnnual. Desiccation events were 
observed for six A. saccharum (n = 116) and 20 Q. rubra seedlings 
(n = 167) across the 4 years of this study, and most seedlings (92.3%) 
died the year foliar desiccation was recorded. Moreover, most of the 
desiccation events (73.1%) were recorded during the 2017 growing 
season. Soil moisture in 2017 was largely consistent with the other 
years in this study throughout most of the summer except for partic-
ularly low soil moisture in August and September (Figure S6).

Figure 4 shows the relationship between survival probability and 
estimated annual foliar CO2 assimilation (CAnnual) for seedlings of 
both species. Quercus rubra seedlings assimilated more CO2 annually 
than A. saccharum seedlings on average (symbols in Figure 4) but had 
lower average probability of survival. Quercus rubra seedlings passed 
below a mean probability of survival equal to 0.5 at 0.106  mol of 
estimated CO2 assimilation. This was an order of magnitude greater 
than the threshold for A. saccharum seedlings which occurred at 
0.012 mol assimilation.

3.5 | Seedling growth

The best-fit growth models each included CAnnual and only one other 
covariate. Acer saccharum seedling growth was best predicted by a 
model that included GSF (canopy openness) whereas Q. rubra seed-
ling growth was best predicted by a model that included signs of 
deer herbivory. All covariates were positively associated with growth 
for both species, but the only significant relationship was between 
CAnnual and A. saccharum seedling growth (Figure  5a). The best-fit  

A. saccharum growth model had a goodness of fit R2 = 0.504; good-
ness of fit for Q. rubra growth was 0.456. Models for both species 
included seedling and plot random effects, with the A. saccharum 
model also including a year random effect and the Q. rubra model 
including random effects for seedling age and planting cohort. All 
parameter values can be found in Table S3.

As with the probability of survival, predicted growth of A. saccha-
rum seedlings with the average value of estimated annual CO2 assim-
ilation was greater than that of Q. rubra seedlings, despite the latter 
estimated to assimilate more CO2 per year on average (Figure  6). 
Acer saccharum seedlings were predicted to grow more than Q. rubra 
seedlings (23.23 ± 5.81 and 13.61 ± 28.56 mm/year ± SD, respec-
tively), but the difference was not statistically significant.

F I G U R E  4   Predicted probability of survival (lines; mean ± 95% 
predictive intervals) as a function of estimated annual foliar CO2 
assimilation for Acer saccharum (blue) and Quercus rubra seedlings 
(yellow). Points represent the probability of survival for seedlings 
with the average estimated assimilation for each species

F I G U R E  5   Posterior estimated means and 95% credible 
intervals (CI) for growth model parameters for (a) Acer saccharum 
and (b) Quercus rubra seedlings. Asterisks indicate parameter 
estimates that are significantly different from zero

F I G U R E  6   Predicted height growth (lines; mean ± 95% 
predictive intervals) as a function of estimated annual foliar CO2 
assimilation for Acer saccharum (blue) and Quercus rubra seedlings 
(yellow). Points represent the predicted growth for seedlings with 
the average estimated assimilation for each species
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4  | DISCUSSION

Shifts in plant phenology have been one of the most widely re-
ported responses of organisms to current climate change (Ibáñez 
et  al.,  2010; Menzel & Fabian,  1999; Piao et  al.,  2019), but few 
studies have addressed how differences in spring phenology af-
fect individual performance (but see Augspurger,  2008) and what 
the resulting implications will be for populations and communities 
(Forrest & Miller-Rushing,  2010). Tree seedling phenology, carbon 
assimilation and performance will be particularly important to un-
derstand with respect to forest ecosystems because survival and 
recruitment at this stage can act as a bottleneck determining the 
structure and composition of future forest canopies (Grubb, 1977; 
Harper,  1977). Recent studies have demonstrated that the annual 
carbon assimilation of temperate understorey plants, including tree 
seedlings, is strongly affected by spring foliar phenology and access 
to light before the canopy closes (Heberling, Cassidy, et  al., 2019; 
Heberling, McDonough MacKenzie, et al., 2019; Kwit et al., 2010), 
that is, phenological escape (Jacques et al., 2015). However, it is yet 
unclear how differences in carbon assimilation linked to this mecha-
nism impact the growth and survival of temperate tree seedlings.

Here, we modelled the relationship between foliar net annual 
CO2 assimilation of individual tree seedlings and their demographic 
performance (i.e. growth and survival) for two temperate tree spe-
cies that commonly co-occur across eastern North America, Acer 
saccharum and Quercus rubra. Furthermore, we quantified how 
seedling carbon assimilation is affected by spring and fall phenolog-
ical escape, allowing us to directly link phenology to plant perfor-
mance. We found strong relationships between estimated carbon 
assimilation and seedling survival but relatively weak (and likely bi-
ologically irrelevant) relationships between carbon assimilation and 
above-ground height growth. Seedlings of both species were found 
to assimilate most of their annual carbon during spring phenological 
escape with relatively minor contributions in fall, suggesting that ca-
pacity for phenological escape early in the growing season will play 
an important role in shaping future tree recruitment. Furthermore, 
our results suggest that studies of temperate tree seedling carbon 
assimilation, performance and recruitment should concentrate 
on these early season dynamics and that photosynthetic capac-
ity in midseason plays a much smaller role in influencing overall 
demography.

4.1 | Spring leaf out date drives annual carbon 
assimilation

Understorey plants in deciduous forests are generally limited by 
access to light for most of the growing season while the canopy is 
closed. Therefore, many species have adapted phenological escape 
behaviour that allows them to access ephemeral periods of high light 
availability in spring by leafing out earlier than the canopy or in fall 
by senescing their leaves after the canopy (Jacques et  al.,  2015). 
Recent studies have suggested that climate change may affect the 

amount of carbon assimilated during phenological escape by differ-
ently affecting the phenology of understorey and canopy species 
(Heberling, Cassidy, et al., 2019; Heberling, McDonough MacKenzie, 
et al., 2019), but it is as yet unexplored what effect this would have 
on the demographic performance of understorey plants.

We found significant negative correlations between spring leaf 
out phenology and annual carbon assimilation for seedlings of both 
species (Figure 2a), indicating that seedlings assimilated more car-
bon per annum the earlier they leafed out. This agrees with previous 
research published by Kwit et al. (2010), which found that A. saccha-
rum seedlings could substantially increase their annual carbon gain 
with earlier leaf out relative to artificial canopy closure treatments. 
Although this result is intuitive, previous studies which investi-
gated relationships between phenology and performance speculate 
at or assume this relationship (e.g., Augspurger,  2008; Routhier & 
Lapointe, 2002; Seiwa, 1998), without quantifying it. Some studies 
included the measurements of species-level photosynthetic charac-
teristics (e.g. Routhier & Lapointe, 2002), but not with enough detail 
needed to calculate the change in net carbon assimilation as a func-
tion of phenology.

In contrast, annual foliar CO2 assimilation was not significantly 
correlated with leaf senescence date for either species (Figure 2b), 
suggesting that fall phenological escape plays a far less important 
role in driving seedling carbon dynamics. This is further supported by 
our findings that spring foliar CO2 assimilation on average accounted 
for 84.3% and 52.5% of the total annual assimilation for A. saccharum 
and Q. rubra seedlings, respectively, whereas fall assimilation only ac-
counted for −0.2% and 4.0%. One possible reason for this is that tim-
ing of leaf senescence could just reflect timing of spring phenology 
(Figure S7), echoing results from other research which found similar 
correlations (Keenan & Richardson, 2015). Alternatively, it has been 
recently hypothesized that leaf senescence could be driven by sink 
limitations (Zani et al., 2020), where senescence occurs earlier when 
early- and midseason carbon assimilation is higher, but this hypothe-
sis remains controversial because it contradicts substantial evidence 
from free-air CO2 enrichment (FACE) experiments (Norby,  2021). 
Regardless of the underlying mechanism, our results suggest that 
phenological escape late in the growing season will have negligible 
effects on net CO2 assimilation.

4.2 | CO2 assimilation affects survival more than  
growth

Plants rely on photosynthetic carbon assimilation to survive, grow, 
reproduce and defend themselves (Mooney, 1972), and our results 
reflect that dependency. Survival of both species was significantly 
associated with net annual foliar CO2 assimilation (Figure  3), 
but the relationship between carbon and growth was only sig-
nificant for A. saccharum seedlings (Figure  5), and the relation-
ship was weak. Acer saccharum seedlings were predicted to have 
higher overall probability of survival compared to Q. rubra seed-
lings (Figure  4) and they also maintained >50% mean predicted 
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probability of survival at lower CO2 assimilation compared to Q. 
rubra. Thus, even though Q. rubra seedlings assimilated more fo-
liar CO2 on average than A. saccharum seedlings (Figure 1), their 
predicted probability of survival at the average value was lower 
(points in Figure 4).

The differences in predicted survival probability between 
species could be due to a few reasons. First, our study only ac-
counted for foliar carbon dynamics and did not account for stem 
or below-ground carbon dynamics. Root respiration rates in tem-
perate forests can be of similar or greater magnitude compared to 
foliar respiration rates (Reich et al., 1998), and thus could cause 
a dissociation between foliar carbon assimilation and seedling 
performance. This may be particularly true for Q. rubra seedlings 
which develop deep taproots (Wilson et  al.,  2007) and might 
therefore allocate proportionally more carbon to below-ground 
processes compared to A. saccharum seedlings. This is supported 
by previous research that has shown that 2-year-old Q. rubra 
seedlings allocated more carbon to storage than A. saccharum, red 
maple Acer rubrum or black cherry Prunus serotina seedlings on a 
mass basis (Canham et al., 1999). However, we lack the evidence 
needed to further support this theory in this study because we did 
not quantify below-ground carbohydrate concentrations or mass 
allocation.

Additionally, our results could reflect differences in above-
ground growth and respiration costs between these two species. 
We found consistently higher respiration rates for Q. rubra seed-
lings compared to A. saccharum seedlings in the parameterization 
of our photosynthesis models (Table S5), reflecting higher carbon 
costs for foliar maintenance. Furthermore, evidence in the lit-
erature suggests that Q. rubra tends to have thicker leaves (i.e. 
lower specific leaf area) compared to A. saccharum (Abrams & 
Kubiske, 1990; Lapointe, 2001; Salifu et al., 2008) and that they 
have higher foliar C:N ratios (Midgley et  al.,  2015). These qual-
ities provide this species with greater constitutive defence and 
lower palatability to insect herbivores (Throop & Lerdau,  2004), 
but make leaves more costly to construct. Thus, greater relative 
above-ground carbon costs for Q. rubra seedlings could make it so 
that this species requires greater net annual CO2 assimilation to 
achieve the same probability of survival.

The higher probability of survival of A. saccharum seedlings 
may also be indicative of the higher shade tolerance reported for 
this species in the literature since seedlings were grown under low 
light conditions. Moreover, our results suggest that phenologi-
cal escape may even be a critical component of shade tolerance 
for some species. In our study, A. saccharum seedlings had lower 
summer photosynthetic capacity, but also lower respiration costs 
compared to Q. rubra seedlings. This behaviour allows seedlings 
to minimize carbon loss when resources are limited in the middle 
of the growing season (Craine & Reich,  2005). However, our re-
sults also show that seedlings must accumulate a strong reserve of 
carbon in the spring to allow them to withstand low assimilation 
rates throughout the rest of the growing season (e.g. Figure  1b; 
Kwit et al., 2010). Future research should investigate this dynamic 

further and evaluate whether phenological escape dynamics are 
correlated with shade tolerance in temperate deciduous forests 
more generally.

Annual CO2 assimilation was only significantly associated 
with height growth for A. saccharum (Figure  5) and our models 
explained only about 50% of the variation in the data for both 
species. Furthermore, the predicted changes in growth were rel-
atively small, with seedlings predicted to grow <1  cm in height 
for every additional 0.1 mol CO2/year assimilated (Figure 6). This 
low amount of growth in part reflects the strongly light-limited 
environments that these seedlings were grown in. For example, A. 
saccharum seedlings have been recorded to grow less than a metre 
in height over a period of decades under closed-canopy conditions 
(Marks & Gardescu, 1998). Thus, it is possible that this relationship 
would have been better quantified using other metrics of growth 
such as radial stem growth, below-ground growth or total biomass 
(e.g. Kaelke et al., 2001; Sevillano et al., 2016). Future studies in 
this area should thus account for multiple growth metrics and, 
when possible, investigate the extent to which using different 
metrics affects analysis and results.

Survival models for both species also showed significantly 
negative associations with desiccation and foliar damage due to 
pathogens and herbivory. We accounted for the negative effects 
that reduced water availability can have on photosynthetic perfor-
mance (i.e. by directly correlating carbon assimilation rates with 
plot-level VPD and soil moisture, as described in Appendix S2), so 
this additional effect of desiccation suggests that temperate tree 
seedlings are additionally vulnerable to dying from hydraulic fail-
ure (McDowell et  al.,  2008), where plants die from catastrophic 
embolisms resulting from extremely negative water potentials. We 
did not collect data on xylem conductance or plant water potential 
as part of this study, however, so we are unable to draw substan-
tive conclusions from these results. Similarly, leaf damage also re-
duced survival after accounting for reductions in photosynthetic 
area in our CO2 assimilation calculations (Appendix S4), suggesting 
that foliar damage negatively affects performance beyond the ef-
fects associated with leaf area. We can only speculate about the 
mechanism underlying this effect, but one possible explanation 
is that foliar damage is correlated with systemic damage such as 
whole-plant infection that could be a contributing factor in mor-
tality (Jain et al., 2019).

Deer herbivory was important for A. saccharum survival and Q. 
rubra growth, but with opposite effects. Although the association 
between A. saccharum survival and deer herbivory was negative, 
deer herbivory had a positive association with Q. rubra growth, 
suggesting that this species grew more in response to deer her-
bivory events. This result, although potentially counterintuitive, 
is consistent with previously documented compensatory growth 
dynamics (McNaughton, 1983), and could reflect a potential trade-
off between growth and foliar defence (Coley, 1988). However, we 
did not quantify nonstructural carbohydrate concentrations in this 
study and thus more substantive conclusions will require further 
research.
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4.3 | Water limitation and neighbouring canopy 
tree effects

Our results suggest that spring phenological escape is the domi-
nant driver of seedling carbon assimilation and performance, but 
they also suggest that water availability plays an important role. 
Soil moisture and VPD both affected seedling photosynthetic ca-
pacity seasonally and between species (Figures S4 and S5), with 
generally positive associations in spring and summer and negative 
relationships at the end of the growing season. Photosynthetic 
activity is thus likely to be strongly affected by water availability 
in summer when soil moisture is lowest. Our results also suggest 
that drought stress can directly affect seedling performance, as 
evidenced by the significant association between seedling survival 
and observed desiccation (Figure  3). Although only a small pro-
portion of seedlings (<10% of the total) were observed to desic-
cate, nearly all the desiccation events took place in 2017 when 
soil moisture reached the lowest values recorded throughout this 
experiment (Figure  S6). Although this could implicate hydraulic 
failure as the cause of mortality for these seedlings, we did not 
measure plant water potentials or other metrics that would allow 
us to make more substantive conclusions.

We also found that seedling photosynthetic capacity was sig-
nificantly affected by the identity of canopy tree species that the 
seedlings were planted near. Canopy tree identity strongly affected 
RuBP regeneration-limited carbon assimilation rate (Jmax25) of A. 
saccharum seedlings (Figure S3a). Values were significantly higher in 
spring, but lower in summer and fall for seedlings planted beneath 
conspecific canopy trees, suggesting that this species benefits more 
from phenological escape but less from growing season sunflecks 
compared to when planted near Q. rubra canopy trees. Acer sac-
charum summer respiration rates were also substantially (though 
not significantly) higher when planted near Q. rubra canopy trees, 
meaning that net carbon assimilation rates are especially negatively 
impacted by hot, droughty conditions. Our photosynthesis models 
accounted for temperature and soil moisture for each gas exchange 
observation, so it is unlikely that these results are due to differences 
in microenvironment between the two canopies. The underlying 
mechanism behind this difference is uncertain, but it is possible that 
some combination of inorganic nitrogen availability, concentrations 
of other soil nutrients and plant–soil feedback effects could be re-
sponsible for the observed differences in seedling photosynthetic 
rates (Classen et  al.,  2015; Juice et  al.,  2006; Liang et  al.,  2020; 
McCarthy-Neumann & Ibáñez, 2012, 2013; McCarthy-Neumann & 
Kobe, 2010). However, this is speculative and future research should 
investigate this relationship and further explore how drought inter-
acts with phenological escape more generally.

5  | CONCLUSIONS

The results from this study suggest that temperate tree seedling 
survival is strongly associated with annual foliar CO2 assimilation, 

which in turn depends on spring phenological escape. Seedlings 
assimilated relatively little carbon in fall compared to spring, 
suggesting that the timing of leaf senescence has little effect on 
seedling performance. Future studies should thus place an em-
phasis on measuring photosynthetic capacity and activity at the 
beginning of the growing season rather than in summer or fall. 
Water availability plays an important role in seedling carbon as-
similation and potentially directly via hydraulic failure, but more 
research is needed on this topic, particularly in investigating how 
water availability and phenological escape interact to affect seed-
ling performance.

Still, this study mechanistically links tree seedling phe-
nology to survival and growth performance and will therefore 
allow future research to make accurate demographic projec-
tions for these species based on climate change forecasts and 
estimated changes in annual carbon assimilation. The importance 
of spring phenological escape to net foliar carbon assimilation 
suggests that any changes to these dynamics resulting from cli-
mate change will have strong effects on overall seedling perfor-
mance and tree recruitment. Furthermore, warmer temperatures 
and decreased water availability predicted for our study region 
(Handler et  al.,  2014) will make phenological escape dynamics 
even more important, as seedlings will need to assimilate more 
carbon in spring to make up for the increasing respiration costs 
in summer and fall. Determining whether temperate deciduous 
tree seedlings are capable of improving their phenological escape 
success is an important topic for future research and will have 
important implications for predictions of future forest structure 
and composition.
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