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Abstract Although the germinant and young seedling life stage of trees has the 
highest mortality rates, our understanding of their fundamental physiology is 
surprisingly limited in naturally-occurring environments. Field measurements for 
this life stage are particularly important because of the uniquely harsh environ-
ment these small trees experience: their proximity to the soil surface results in an 
exceptionally dynamic microclimate with large daily shifts in such parameters as 
temperature, humidity and radiation. The impact of these changing conditions is 
discussed with respect to seedling survival. Our current knowledge of anatomical and 
morphological responses of early seedlings to variation in light and water conditions 
is also reviewed. For example, research has shown that differences in light intensity 
result in divergence in vessel diameters and number in Eucalyptus grandis seedlings. 
Using these data, we calculated the theoretical hydraulic conductivity for high 
and low light-grown seedlings. This comparison showed that after 7 weeks the 
differences in xylem anatomy would result in the high light seedlings having two 
times the theoretical leaf-specific hydraulic conductivity of the low light seedlings. 
Future research in this field should include developing new techniques specific to 
the unique fragility and size of seedlings, determining the adaptive nature of differ-
ent cotyledon structures, and better quantifying the physiological and developmental 
characteristics of early germinants.
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1  Introduction

1.1  Population Dynamics and Seedlings

The primary determinant of vegetation patterns and species distributions on a global 
scale is aridity gradients (e.g., Engelbrecht et al. 2007), and moisture regimes (either 
via precipitation changes or temperature changes and related evaporative demands) 
have shifted over last 40 years (van Mantgem et al. 2009) and are predicted to con-
tinue to change. Species distributions can shift over time through adult mortality and 
less subsequent regeneration (shrinking) or through seedling establishment beyond 
current distribution boundaries (expansion). Therefore, a critical component of our 
ability to predict future species distributions is an understanding of the mechanisms 
of seedling establishment, which requires a fundamental knowledge of seedling 
physiology. In fact, the life stage (other than the seed stage) with the greatest mortality, 
by far, is the germinant seedling stage (Leck and Outred 2008) and young seedling 
performance may be more important than seed germination for determination of 
species distributions (e.g. Figueroa and Lusk 2001).

Few studies have addressed the ecophysiology of naturally-occurring current 
year seedlings (newly emerged) even though this life stage has a high mortality 
rate (e.g. Alvarez-Buylla and Martinez-Ramos 1992; Whitmore 1996; Masaki and 
Nakashizuka 2002). Possible reasons for the lack of emphasis on germinant seedling 
physiology include the difficulty in recognizing and documenting the presence of 
natural, newly emerged seedlings and the even more difficult task of acquiring 
physio logical measurements (Cui and Smith 1991; Germino and Smith 2001).  
In general, the coupling of physiological ecology (e.g. carbon gain, water relations) to 
population biology (e.g. seedling abundance and survival) appears to be an important 
omission in studies of plant biology and ecology (Ackerly and Monson 2003). Given 
that the highest mortality of all life stages often occurs during the newly-emerged 
seedling stage, emphasis on current-year seedling studies may be particularly impor-
tant as an early and sensitive indicator of community and ecosystem health.

Recent literature suggests that the newly-emerged seedling stage is becoming 
more in focus as an important life stage for understanding limitations to natural forest 
regeneration (e.g. Smith et al. 2003; Matthes and Larson 2006; Miina and Saksa 
2006). In the southern Appalachian Mountains, there appears to be a consistently 
high mortality (approximately 95%) of new Abies fraseri seedlings on a yearly basis 
(Johnson and Smith 2005), similar to measurements on Abies lasiocarpa in the 
Rocky Mountains of the western US (Cui and Smith 1991; Germino and Smith 2000, 
2001). Studies of first year survival of tropical tree seedlings have also reported high 
seedling mortality. In 7 out of 9 of the species that were measured at Barro Colorado 
Island Panama (Augspurger 1984) germinant mortality was between 69% and 100% 
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and in 50 out of 75 species studies at La Selva, Costa Rica, mortality was greater than 
75% (Li et al. 1996). However, studies of the mechanisms of establishment in 
current-year seedlings are rare in the literature. For example, most studies on Abies 
fraseri seedlings have focused only on the abundance of considerably older, estab-
lished seedlings, without addressing specific factors influencing the high mortality of 
newly establishing seedlings (Nicholas et al. 1992; Smith and Nicholas 2000).

The goals of this review are to document the microclimatic conditions of newly 
emerged seedlings and to discuss young seedling structure and function. This review 
will focus on woody tree species in particular and will attempt to provide a framework 
for important omissions and future directions for research on young seedlings. The 
purpose of this review is not to cover in detail the topics of seedling shade tolerance or 
seed mass/survival relationships, both of which have been thoroughly covered in the 
current literature (Moles and Westoby 2004a; Kitajima and Myers 2008).

1.2  Working Definitions of Life Stages

There appears to be a large discrepancy in the heights, diameters or ages of woody 
plants that are considered seedlings or saplings. For example, trees of up to 2.7 m 
have been classified seedlings (Whitmore 1996), whereas some researchers reserve 
the term for plants that still have seed reserves present (Fenner 1987). Throughout 
this chapter, we will use the term “germinant” or “emergent” for a seedling that is 
in its first growing season. Our use of the term “seedling” will refer to a young plant in 
its first few years of growth, which is a more liberal use of the term than many ecolo-
gists use (e.g., see Garwood 1996). We also use the phrase “established seedling” to 
indicate a seedling that has survived beyond its first season of growth.

1.3  Population Range Shifts and Reforestation

Worldwide changes in plant community distributions have been observed over the 
last decade (Walther et al. 2005) and further shifts are predicted with climate change 
(e.g. Iverson and Prasad 2001). However, most models predicting future patterns of 
community distribution rely on correlations between current climate and species 
current location (a species’ “bioclimate envelope,” Pearson and Dawson 2003). 
To develop mechanistic models of species and community distribution under climate 
change scenarios it will be critical to understand the constraints on seedling estab-
lishment under natural conditions. For example, recent studies in tropical forests 
have shown that emergent seedling drought tolerance is correlated strongly with 
the occurrence of that species along moisture gradients (Engelbrecht et al. 2007; 
Kursar et al. 2009). These types of studies and data could be used for predictions 
of future species distributions under changing moisture regimes. Although any 
complete picture of forest regeneration and migration would include all life stages 
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(e.g. adult mortality, flower and/or seed production, pollination), forest regeneration and 
migration into new areas ultimately depends on new seedlings establishing in the 
understory or beyond the current boundary of the community. Seedling establishment 
is critical for reforestation after clearcutting, fire or other major disturbance. Successful 
establishment and subsequent growth beneath canopy gaps is critical for stand 
regene ration as well, and for preventing encroachment by shrub species that could 
out-compete understory tree seedlings (White et al. 1985; Pauley and Clebsch 1990).

1.4  Causes of Seedling Mortality

Compared to studies focusing on older age classes, relatively few studies have 
addressed the causes of mortality during the early establishment phase of new seed-
lings. In certain communities, herbivory and/or trampling by animals appears to be 
a significant factor contributing to the mortality of young seedlings (Ehrlen 2003; 
Moles and Westoby 2004a). In other systems, drought is likely the primary cause of 
seedling death (e.g. Cui and Smith 1991; Moles and Westoby 2004b; Negussie et al. 
2008). In tropical moist forests, pathogens are frequently responsible for a large 
portion of young seedling mortality (Augspurger 1984), especially in dense shade. 
Small seedlings are particularly susceptible to uprooting due to frost heaving in 
areas with frequent frosts (Goulet 1995). Additional causes of mortality can include 
burial by substrate (e.g. sand, Maun 1998) and litterfall (Clark and Clark 1989; 
Alvarez-Claire and Kitajima 2009) as well as fire (Plumb 1980; Grace and Platt 1995; 
Edwards and Krockenberger 2006).

Reductions in carbon gain, which may result in reduced root growth (and possi-
bly desiccation) or even “carbon starvation” (McDowell et al. 2008) can also lead to 
seedling mortality. For example, current-year seedlings of A. fraseri had reduced 
photosynthetic capacity and sunlight under closed canopies (as compared to 
open canopies), which also corresponded to increased mortality (Johnson and 
Smith 2005). Lack of photosynthesis in low light environments (i.e. under closed 
canopies) appeared to be the primary cause of mortality for Quercus pyrenaica, 
as well (Rodriguez-Calcerrada et al. 2010). In the cases of A. lasiocarpa and Picea 
engelmannii, Cui and Smith (1991) found that the high mortality (>90%) in 
first-year seedlings in the forest understory appeared symptomatically to be due to 
desiccation, possibly enhanced by a lack of root growth and/or mycorrhizal infec-
tion. Additionally, Sacchi and Price (1992) observed high mortality rates in young 
seedlings of Salix lasiolepis in response to limited soil water availability. Carbon 
gain and survival were also reduced in individual seedlings growing in microsites 
with either too much or too little sunlight (Germino and Smith 2000; Johnson 
et al. 2004). This finding of too much or too little sky exposure (degree of canopy 
openness) was attributed to both positive and negative effects related to sunlight 
exposure and nighttime sky exposure. Sky exposure was influenced by the overstory 
tree canopy, plus the vegetation and inanimate structures at ground level. Earlier 
studies pointed to the possibility that a lack of photosynthetic carbon gain in less 
favorable microsites (too little or too much sunlight) led to decreased root growth 
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and desiccation-related mortality (Knapp and Smith 1982; Cui and Smith 1991). 
Seedling photosynthesis declined in response to low minimum leaf temperatures 
(predawn) as well as high sunlight the following morning, associated directly with the 
amount of sky exposure of the seedling microsite (Germino and Smith 2000; Maher 
et al. 2005). As a result, seedling survival in many species appears strongly associated 
with microsite facilitation provided by surrounding structures such as overhead canopy, 
tree islands, and ground vegetation, all of which substantially reduce seedling sky 
exposure (Hättenschwiler and Smith 1999; Germino and Smith 2001).

The amount of sky exposure strongly influences seedling growth and survival, as 
well as provides a quantitative measure of microsite and canopy openness. In addi-
tion to sunlight exposure and photosynthetic effects, the accompanying exchange 
of longwave (thermal) radiation emitted from the cold night sky is an important 
forcing variable for nighttime leaf temperatures, often driving leaf temperature well 
below air temperature (5–7°C, Jordan and Smith 1995). Other studies have also 
reported large decreases in downwelling radiation from cold night skies due to 
vegetative overstories (McLaughlin et al. 1990; Örlander 1993), and cloud patterns 
such as found at southern Appalachian sites can generate large increases in longwave 
radiation of up to 100 W m−2 on nights with fully overcast skies (Feygel’son and 
Tsvang 1974; Harrison et al. 1993). In addition, cloud immersion in high-altitude 
southern Appalachian forests has been shown to increase understory sunlight 
penetration and photosynthesis and decrease transpirational water loss in young 
seedlings (Johnson and Smith 2008). Substantial decreases in seedling temperatures 
occur on clear nights and are followed by high sunlight levels in the morning, causing 
long-term declines (up to several days) in photosynthetic carbon gain (low temperature 
photoinhibition and/or downregulation of photosynthesis) and, ultimately, reduc-
tions in root growth that have been associated with desiccation and mortality in new 
seedlings (e.g. Knapp and Smith 1982; Ball et al. 1991; Ball 1994; Ball et al. 1997; 
Cui and Smith 1991; Germino and Smith 2000).

2  Seedling Environments

First-year seedlings experience unique stresses compared to other life stages and are 
more vulnerable to both biotic and abiotic stresses, compared to older life stages. 
The unique stresses experienced by seedlings are due to their small size and the fact 
that they have not escaped the microclimate of the ground surface. The surface 
environment is dynamic, and can feature large diurnal swings in every environmental 
parameter (temperature, humidity, radiation, etc.). In contrast to larger, established 
saplings and adult trees, which have escaped the climate near the ground, emergent 
seedlings are entirely contained in the near-surface climate at the whole plant level 
and do not have height or branch complexity to escape the surface environment. 
Thus, seedling physiological ecology is affected at the whole plant level.

Seedlings emerge from the soil along a continuum of microsites, and it would be 
difficult to address all situations. Therefore, the approach in this section will be to 
compare the extremes of possible germinating environments common to seedlings. 
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The microsites described in the following sections will be a dark, forest understory 
microsite and an exposed, open canopy microsite, such as might be found for a 
seedling establishing in an alpine ecotone or during a typical old field succession 
(this could also be synonymous with forest/shade and pioneer seedling types).

Ultimately, seedling growth and survival depends on adequate carbon capture 
and processing, avoidance of hydraulic failure (i.e. desiccation), and escaping biota-
induced mortality (e.g. trampling, herbivory). Many factors directly influence the 
carbon and water balance, and thus the survival, of young seedlings.

2.1  Near-Surface Incident Radiation

Incident radiation loads on seedlings depend on both radiation intensity and duration. 
For first year seedlings, there is a delicate balance between too little versus too 
much sunlight (Germino and Smith 1999; Johnson and Smith 2005). In situations 
where there is too little sunlight, seedlings may perish because they cannot escape 
infestation by pathogens on the soil surface and/or seedlings may experience carbon 
“starvation”, where metabolic needs are not met by adequate carbon assimilation 
(Givnish 1988). Too much sunlight, especially in combination with low tempera-
tures, can result in decreased carbon gain via photoinhibition (Ball et al. 1991; 
Germino and Smith 1999; Maher et al. 2005). The optimal incident sunlight regime 
for a seedling seems to be species-specific, and may co-vary with other factors 
such as proximity to neighboring plants or rocks, microtopography, and aspect 
(see further discussion below).

Shaded understory environments can be very dark, with less than 5% of the total 
radiation at the top of the canopy reaching the forest floor (Baumgartner 1952; 
Geiger 1965; Lee 1987; Endler 1993; Grant 1997; Johnson and Smith 2005). Net 
radiation may be less than 21 W m−2 day−1 (<1 MJ m−2 day−1), with the instantaneous 
quantum flux of photosynthetically active radiation (PAR, ~400–700 nm) averaging 
between 10 and 20 mmol m−2 s−1 in deep forest shade. Total daily PAR at the ground 
is often <20 mol m−2 day−1, most of which occurs during occasional sunflecks 
(Young and Smith 1983; Lee and Downum 1991; Combes et al. 2000; Johnson and 
Smith 2005; Navrátil et al. 2007). Consequently, in the understory near the forest 
floor, sunlight intensities are rarely above the light compensation threshold for 
photosynthesis to occur, even for shade-adapted species. This low light availability 
can strongly impact carbon gain, and thus, allocation to root, stem, and lateral branch 
development. Seedlings in such light environments may not gain enough carbon for 
survival before exhausting carbon reserves (Kohyama 1983; Kobe 1997; Givnish 
1988; Walters and Reich 1999; Myers and Kitajima 2007). Furthermore, much of 
the carbon balance of a newly emerged seedling in a forest understory is dictated by 
ephemeral periods if sunlight. During these periods, seedlings must quickly adjust 
to a changing light environment to maximize carbon gain. The ability to respond to 
sunflecks by quickly upregulating photosynthetic mechanisms (i.e. the photosyn-
thetic “induction period”, Chazdon and Pearcy 1986) may be critically important 
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for seedlings inhabiting dark understories where sunflecks are the primary source of 
light for carbon gain. Little research has addressed the different responses of photo-
synthetic tissues (cotyledonous vs. primary leaves) to variable sunlight conditions, 
though there is some evidence that cotyledons may be more efficient at harvesting 
sunlight for photosynthesis (Johnson and Smith 2005; Reinhardt et al. 2009).  
It should also be highlighted that some species are remarkably adapted to low light 
environments, and seedlings of these species are able to persist for many years 
in such environments with very little growth, until opportunities for substantial 
positive carbon balance occur (often referred to as “release” in the literature), via 
dieback of canopy trees (e.g. Kobe et al. 1995).

On the other extreme, seedlings establishing into open areas of an ecotone 
(for example, beside a tree island at the alpine-treeline ecotone, into an old-field 
meadow, or into a large canopy gap) can encounter high radiation loads that affect 
the whole plant (compared to just a few leaves or branches for plants that are taller 
and/or with a more complex branch architecture). For many hours of the day in an 
open-canopy alpine scenario, instantaneous whole-seedling radiation exposure may 
be >1060 W m−2, or >2000 mmol m−2 s−1 (PAR), with daily radiation loads >30 MJ 
m−2 day−1 (>900 mol m−2 PAR per day; Lee and Downum 1991; Jordan and Smith 
1994; Larcher 2003; Reinhardt and Smith 2008). In some situations, such as in 
snowmelt concavities or in depressions of light-colored ground where there is sub-
stantial reflected sunlight, instantaneous irradiance has been reported to be even 
greater, exceeding 3500 mmol m−2 s−1 (Day et al. 1989; Germino and Smith 2000). 
Such prolonged exposure to high radiation loads can cause increased leaf tempera-
tures, photorespiration, and high-light photoinhibition. These problems with high 
radiation loads can be exacerbated if there was frost on the leaves the previous 
night. Frost occurrence on leaves typically happens via a combination of low air 
temperatures and radiative cooling (e.g. Ball et al. 1991; Jordan and Smith 1994, 
1995; Germino and Smith 1999, 2000; Maher et al. 2005).

2.2  The Effect of the Boundary Layer on Heat and Mass Fluxes

Boundary layer effects are paramount to understanding radiation (heat) and mass 
fluxes, including convection and conduction dynamics, of newly emerged seedlings. 
In some cases, boundary layers protect small seedlings from harsh environmental 
conditions and/or large diurnal variations in the environment (e.g. temperature, 
sunlight intensity, humidity, wind). The boundary layer can be described as the zone 
of air covering a surface where convection (wind) is both laminar (vs. turbulent) and 
still (due to viscosity) (Nobel 2005). Conceptually, what is considered the “bound-
ary layer” is a scaling issue and can vary by many orders of magnitude, depending 
on the system. For example, whereas the boundary layer of a forest is usually con-
sidered the area below the canopy (101–102 m), the boundary layer of an individual 
leaf surface might be on the scale of 10−4–10−3 m. The boundary layer near the 
ground in open areas is on the order of 10−3–101 m, depending mostly on surface 
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roughness and wind speed (boundary layer decreases with greater roughness and 
wind velocity), and is commonly about 5–10 cm over bare ground (Morgan and 
Rickson 1995). Therefore, small seedlings are often entirely within the near-surface 
boundary layer.

Within the near-surface boundary layer, heat fluxes of seedlings are greatly reduced 
relative to taller plants. This difference is because thermal mixing is minimized due 
to the lack of wind and turbulent eddies, and thermal transfer is dominated by con-
duction. For example, even with wind velocities at 1 m height in excess of 5 m s−1, 
wind velocities below 0.5 m height rarely exceed 1 m s−1, with most reported, and 
modeled, measurements at ground-level less than 0.5 m s−1 (Geiger 1965; Elias et al. 
1989; Jordan and Smith 1994; Tappeiner and Cernusca 1998). Deacon (1953) and 
Geiger (1965) showed that the minimum wind velocity for turbulence at 1 m height 
above the ground is 0.4 m s−1 for short grass cover and about 0.8 m s−1 for bare 
ground. As wind velocity decreases logarithmically with decreasing height (Bagnold 
1941), the wind velocity in the boundary layer does not induce turbulent mixing the 
majority of the time. This underscores that newly germinated, and small, seedlings 
are entirely within the boundary layer of the ground.

The consequences of residing within the boundary layer of still air can be benefi-
cial (protective) or detrimental (exposing). In forest understories, air temperature 
profiles are more uniform than above the canopy, and have less diurnal variation. 
The uniformity of these profiles in the understory is because air movement inside 
the thick forest is low compared to outside the forest, and the understory area is, 
effectively, one entire boundary layer. Regardless of how large the diurnal range of 
air temperature is over the course of 24 h, which can be greater than 30°C in temper-
ate forest ecosystems, forest temperatures near the ground in summer typically 
remain between 15°C and 25°C for the whole day (see Fig. 3.1; similar to the range 
higher in the canopy), mostly due to trapping and re-radiation of longwave radiation 
(Geiger 1965; Larcher 2003).

In exposed microsites outside the forest, boundary layer dynamics can be much 
more variable. In the absence of ground-level convection (as in Fig. 3.1, which was 
based on a very low wind speed of 0.5 m s−1), leaf temperatures are commonly 
~2–6°C above air temperature (Tranquillini 1979; Hadley and Smith 1987; Germino 
and Smith 2001; Johnson and Smith 2008), which is well within the limits of toler-
ance of leaf biochemistry. However, there are reports of leaf temperatures of plants 
near the ground exceeding air temperature by as much as 23°C inside a krummholz 
mat in open meadows in the alpine (Hadley and Smith 1987). Midday air tempera-
tures at the ground surface in open-canopy microsites are commonly between 40°C 
and 50°C, and in some instances can exceed 80°C, especially on dark surfaces 
(Turner 1958; Tranquillini 1979; Alexander 1987). Prolonged exposure to air 
temperatures greater than 45°C can cause “heat girdling” of stem cortex tissue in 
succulent seedlings, resulting in seedling death (see Tranquillini 1979; Alexander 
1987 and references therein). Because small seedlings are entirely within the surface 
boundary layer, with little leaf area to provide mutual shading, there are few structural 
mechanisms to ameliorate this environment. Moderately high leaf temperatures can 
lead to heat stress of photosystem II, increased respiration, as well as increased 
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photorespiration, all of which negatively impact seedling carbon balance. 
Biochemical heat stress of small seedlings may be exacerbated by decreased plant 
water status and the inability of juvenile root systems to adequately transport water 
to leaves for transpirational cooling. Root systems of first year seedlings are usually 
shallow (on the order of centimeters), and not fully developed with few lateral roots 
for tap-rooted species (Alexander 1987; Greenwood et al. 2008).

At night in open-canopy microsites, evening near-surface temperatures start off 
relatively warm compared to higher above the ground (due to soil re-radiation of 
absorbed longwave radiation during the day), but by early morning (pre-dawn) the 
temperature near the ground is the coldest section in the air profile. This cold 
temperature is primarily due to the lack of wind in this part of the profile. Such a 
situation allows for effective radiative cooling, resulting in seedling leaf temperatures 
that are commonly 2–4°C below air temperature, and occasionally as much as 8°C 
below air temperature (Fig. 3.1; Hadley and Smith 1987; Jordan and Smith 1994). 
Leaf temperature depressions can promote frost formation even when air tempera-
tures are above freezing. Thus, frost development on seedlings is likely to occur 
more frequently than on taller, adult plants and can occur at the whole plant level, 
not just on individual leaves.

Mass (e.g. CO
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, H
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O) fluxes of seedlings inside the near-surface boundary layer 

are also different compared to taller plants, though trends may be different between 
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Fig. 3.1 Comparison of seedling energy balance due to microsite. Calculated energy balances of 
seedlings during midday in open canopy (Midday Open) and understory (Midday Under) micro-
sites, as well as nighttime open canopy (Night Open) and understory (Night Under) microsites. 
Energy balance calculations are based on the equation: Radiation
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flux) + L (Latent heat flux). Assumptions: leaf absorptance = 0.6, leaf emmissivity = 0.97, leaf 
size = 5 cm, wind velocity = 0.5 m s−1, leaf width = 5 cm, leaf shape = flat, horizontal leaf angle 
(angle of incidence = 0°). Variables: relative humidity = 30% (Midday Open), 80% (Midday Under), 
10% (Nighttime Open), 95% (Nighttime Under); midday stomatal resistance = 2500 s m−1; nighttime 
stomatal resistance = 10000 s m−1 (no transpiration)
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vegetation all act to concentrate CO
2
 at the ground relative to upper heights, generating 

typical CO
2
 concentrations of about 450–500 ppm near the ground during evening 

and morning hours, compared to common ambient values of about 380 ppm (Kimmins 
1987; Larcher 2003; Nobel 2005). Greater CO

2
 levels at ground level increase the 

gradient between internal leaf and air CO
2
 concentrations, allowing for a greater 

driving force for CO
2
 movement and potentially, photosynthesis. However, the pho-

tosynthetic advantage due to increased CO
2
 gradients may not be realized in young 

seedlings due to immature root, leaf, and plant architecture systems. While increased 
leaf-level photosynthesis under elevated CO

2
 concentrations has been observed in 

seedlings of tropical broadleaved tree species (Holtum and Winter 2003) and temper-
ate conifer trees (Reinhardt and Germino, unpublished data), other researchers have 
reported no difference, or slight decreases, in photosynthesis in seedlings in both 
seedbed and greenhouse experiments (Tingey et al. 2007). These decreases in photo-
synthesis and overall plant carbon balance in seedlings under elevated CO

2
 levels 

may have been due to seedlings altering allocation patterns vs. overall photosynthesis, 
as well as indirect adverse affects of elevated CO

2
 on photosynthesis, caused by 

drier soils and reduced seed quality. Compared to in the understory, in open-canopy 
microsites the concentration of ground-level CO

2
 is much less and may not differ 

appreciably from CO
2
 concentrations at a height of 1 m (~380–400 ppm), especially 

in the absence of high soil respiration and/or thick herbaceous mats.
Similar to CO

2
, H

2
O vapor concentrations close to the ground also are greater 

compared to above-ground heights typical of saplings and trees (>1 m), for the same 
reasons associated with boundary layer as mentioned above. Evaporation of surface 
soil moisture and transpiration from low growing plants such as seedlings, mosses, 
and small herbs (“surface evapo-transpiration”) is minimized within the soil bound-
ary layer, and primarily controlled by conduction. In the absence of ground-level 
(<5 cm) wind and/or radiation, near-surface air humidity is “trapped” at ground 
level and is much greater compared to higher above the surface for many hours of 
the day. Sunlight irradiance acts to increase boundary layer conductance and promote 
turbulence, even at near surface elevations, especially in spatially heterogeneous 
understory sunlight environments. Nevertheless, surface humidity in forests is 
greater, and with less diurnal fluctuation, than higher in the canopy for all hours of 
a typical day. For both deciduous and conifer temperate forests, ground-level 
relative humidity averages about 80% for a clear summer day, and typically ranges 
from about 50% to 95% during the day (Geiger 1965; Elias et al. 1989; Tappeiner 
and Cernusca 1998; Larcher 2003). At heights near and above the forest canopy, 
daily relative humidity averages about 60%, commonly fluctuating from 30% to 
90% during the day. For a conifer plantation in Europe, near surface air humidity 
was >80% for 14 h of the day, while at 10 m relative humidity was above 80% only 
8 h of the day (Geiger 1965).

When air humidity is high, H
2
O gradients between inside the leaf (assumed 

relative humidity near 100%) and the air are smaller (as is the case in still air). 
Consequently, water fluxes are minimal because the driving force for transpiration is 
reduced. In mesic forests, near-surface conditions in dark understories can be wet and 
cool 24 h a day. Such conditions in the southern Appalachian Mountains, USA led to 
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low seedling water stress (water potentials never less negative than −0.75 MPa) for 
all times of the day (Johnson and Smith 2005; Reinhardt et al. 2009). However, in 
the absence of protective snowpack, evergreen seedlings in a mesic forest may be 
exposed to extended periods of freezing conditions during the winter.

2.3  Importance of Ecological Facilitation  
to Seedling Environment

Although the presence of neighboring vegetation can result in competitive interac-
tions that can adversely affect seedling survival, many species benefit from facilita-
tive interactions. Many of the stressful environmental conditions mentioned above 
can be ameliorated to some degree by neighboring structures, such as tree canopies, 
herbaceous species, rocks, or even topographical depressions that provide some degree 
of protection against exposure (Ball et al. 1991; Berkowitz et al. 1995; Greenlee and 
Callaway 1996; Callaway and Walker 1997; Hastwell and Facelli 2003; Hughes 
et al. 2009). Such “facilitation” has been shown to protect young seedlings from high 
intensity sunlight exposure, radiative cooling at night, low temperature photoinhi-
bition, and damaging winds (e.g. Hadley and Smith 1987; Germino and Smith 1999; 
Maher et al. 2005; Maher and Germino 2006). In commercial forestry, seedlings are 
often planted in close association with “nurse trees” which can result in substantially 
enhanced seedling survival and/or growth (Schlesinger and Williams 1984; Ashton 
et al. 1997). In natural systems, facilitation plays a large role in primary succession 
and in ecotone migration (e.g. Connell and Slayter 1977). For example, Germino 
and Smith (1999) showed that emergent seedling abundance in the alpine ecotone 
in Wyoming was greatest in microsites located partially under krummholz mats 
(40–80% sky exposure), and that nighttime warming treatments (simulating protec-
tive herbaceous cover) increased Abies lasiocarpa seedling photosynthesis by about 
400%, and Picea engelmannii seedling photosynthesis by about 150%. Furthermore, 
Maher et al. (2005) demonstrated that Pinus albicaulis seedlings had less negative 
water potentials (less water stress) and greater maximal quantum efficiency (F

V
/F

M
) 

in microsites with overstory vegetation cover. Belowground ecological facilitation 
also has been shown to increase seedling growth and survival. Between 90% and 
95% of all plants benefit from associations of mycorrhizal fungae with their root 
systems. Such associations usually occur within days or weeks of germination 
(Janos 1980; See and Alexander 1996), and effectively increase the surface area of 
root systems (100- to 1000-fold) allowing for greater water uptake by plants (Smith 
and Read 2008). Furthermore, mycorrhizal infection of seedlings results in increased 
growth rates and greater nutrient uptake in many species (e.g., Janos 1980; Allsop 
and Stock 1995).

Apparently, proximity to neighboring vegetation can affect the degree of mycor-
rhizal infection of roots. Hasselquist et al. (2005) showed that colonization of spruce 
and fir seedling roots by mycorrhizae were fourfold greater in seedlings adjacent to 
tree islands compared to seedlings ~7 m away from tree islands, and that colonization 
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increased seedling water potentials. Dickie et al. (2005) found that seedlings had 
greater degrees of mycorrhizal infection near forest edges, but that there was an 
optimal distance that minimized shading while still providing benefits of a high 
degree of mycorrhizal colonization. Beyond facilitating macro-nutrient acquisition, 
recent research suggests that there is also an exchange of carbon, nutrients, and 
water between facilitating (host) plants and seedlings, occurring on time scales of 
weeks (He et al. 2006). In stressful environments where carbon gain is limited, this 
extra source of carbon may be crucial for seedling survival.

3  Early Seedling Development

Seedlings are entirely dependent on seed energy reserves until cotyledon or leaf 
machinery is developed enough for photosynthetic carbon capture and until radicle 
development has progressed to be able to supply the photosynthetic tissues with 
water and nutrients. The function of cotyledons ranges from purely storage of 
reserves for growth (e.g., Phaseolus, Quercus; de Vogel 1980; Kitajima 2003) to 
photosynthetic tissue that is physiologically indistinguishable from that of true 
leaves. Photosynthetic cotyledons can possess many of the same traits as mature 
leaves, including stomata and differentiated mesophyll tissue (e.g. Sasaki and 
Kozlowski 1969). It is noteworthy that the cotyledons of gymnosperms species are 
always green, even with no exposure to light, whereas eudicot species require light 
for cotyledon chlorophyll development (Niklas 2008).

Generally, the cotyledons maintain the same function for all seedlings of a spe-
cies, and all function in the same capacity. However, it has been documented that 
certain members of the Piperaceae have one cotyledon that functions in storage and 
transfer of reserves from within the seed coat and one that emerges (Bell 1991) and 
may be photosynthetic (Leck and Outred 2008). Both types of cotyledons exist in 
most forest types (Garwood 1996), although boreal and subalpine forests (primarily 
conifer-dominated), are populated with species with primarily photosynthetic coty-
ledons. Additionally, small-seeded species tend to have photosynthetic cotyledons 
(Fenner and Kitajima 1999). Cotyledon size and number can vary dramatically, 
even within a single family. For example, the number of cotyledons in Pinaceae 
seedlings ranges from 3 to 18 (Lubbock 1892) and cotyledon size ranges from 
several mm to over 7 cm (Griffin 1962). Most eudicots simply have two cotyledons 
(as their name would indicate) and the majority of gymnosperms have between two 
and six (Leck and Outred 2008). In general however, eudicot cotyledons have a 
much greater diversity in morphology and function than do those of gymnosperms 
(Ji and Yi 2003; Niklas 2008).

The structural and functional differences between cotyledon and primary 
leaves in a tree species have been studied most comprehensively in Abies fraseri 
(see Table 3.1). Johnson et al. (2005) found that in cotyledons and primary 
needles of A. fraseri from the same light environment, there were distinct differ-
ences in cotyledon vs. needle structure as well as in light processing properties. 
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Table 3.1 Anatomical and physiological characteristics of Abies fraseri cotyledons and primary 
needles (Numbers in parentheses are standard errors; data compiled from Johnson et al. 2005 and 
Reinhardt et al. 2009)

Leaf 
thickness

Leaf area 
palisade 
(%)

Depth of 
maximum 
[Chl]

Stomatal 
distribution A

SAT

Apparent 
quantum 
efficiency

Light 
saturation 
point

Cotyledon 355 (11) 14.7 (1.7) 325 Adaxial 2.47 (0.08) 0.031 
(0.004)

 96.3 
(1.1)

Primary 
needle

331 (24) 24.2 (0.7) 280 Abaxial 2.50 (0.19) 0.014 
(0.003)

244.3  
(74.2)

Cotyledons of A. fraseri had significantly longer palisade cells than those of primary 
needles (ca. 56 versus 46 mm, respectively), but had less palisade per unit cross 
sectional area (24% in primary needles, 15% in cotyledons). Additionally, chlorophyll 
concentrations in cotyledons were shifted toward the abaxial surface as compared to 
primary needles, as interpreted from chlorophyll fluorescence. This combination of 
characteristics resulted in deeper propagation of red and blue light into cotyledons of 
A. fraseri compared to primary needles. Reinhardt et al. (2009) found that there were 
no significant differences in maximum photosynthesis in primary needles versus 
coty ledons in A. fraseri but that the light required to saturate photosynthesis was 
two to four times greater in primary needles than in cotyledons. In addition, the 
apparent quantum yield was two times greater in cotyledons than primary needles. 
Cotyledons of A. fraseri appear to be more effective, as compared to primary needles, 
at utilizing very low levels of sunlight, which would be typical of a closed-canopy 
forest understory.

The stresses that seedlings are exposed to in the germinating environment are 
initially experienced entirely by the embryonic tissues and directly affect the tissues 
that grow from them. In general, many seedlings show a remarkable degree of phe-
notypic plasticity across environmental gradients (e.g. Greenwood et al. 2008), 
although certain traits display little variation even when there is substantial environ-
mental variation (see Day and Greenwood 2011). In the rest of this section, we 
review changes in the structure of organs and allocation of biomass to shifts in the 
availability of two main resources to seedlings: light and water.

Little work has examined the effect of light regime on the structure of cotyledons, 
but it has been shown that chlorophyll concentration increases in cotyledons of 
Pinus pinaster germinated and allowed to develop in white light (as compared to 
dark-grown seedlings, Cánovas et al. 1991) and in cotyledons of Tabebuia rosea 
grown in high light (as compared to low light, Kitajima and Hogan 2003). It is 
noteworthy that cotyledon photosynthetic potential may be inversely related to 
cotyledon thickness (Kitajima 1992), which would be the opposite of the trend in 
true leaves. For true leaves of young seedlings, a meta-analysis of five separate 
studies with varying light conditions revealed no trends in differences in specific 
leaf area (SLA; leaf area per mass) or the leaf mass ratio (ratio of leaf to total mass 
of the plant) for woody species (Wright and Westoby 2001). When different species 
were compared at a common size, though, all species had greater SLA in low vs. high 
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light (Reich et al. 1998), which was also observed across leaf size in three liana and 
two tree congenerics as well as in seedlings of Tabebuia rosea (Kitajima and Hogan 
2003; Cai et al. 2008).

At the level of the whole seedling, allocation patterns tend to change with differ-
ences in light regime. It has been widely observed that species increase shoot mass 
relative to whole plant or root mass in low vs. high light (Smith 1976; Reich et al. 
1998). What has not received as much attention is the anatomical changes in the 
wood associated with the changes in allocation. In a classic study, Denne (1972) 
found that under normal growing conditions tracheid diameter and wall thickness 
increased towards the root tip in Picea and Pinus seedlings, and that transferring 
them to shorter day lengths (decreasing integrated daily light) caused the tracheids to 
narrow throughout the plant due to slower expansion rates. In Picea this result was 
also observed when comparing high and low light intensity treatments rather than 
day length (Denne 1974). However, Denne (1976) found that after an initial decline 
in the expansion rate as a response to a decline in light, which lasted approximately 
2–3 weeks, the photosynthetic efficiency increased and then tracheid dimensions 
and number increased again, as well.

Unlike for Picea, for Eucalyptus grandis seedlings grown at constant low vs. 
high intensity light regimes, differences in vessel diameter and number continued 
for weeks (Doley 1979). Using data from Doley (1979) on changes in vessel lumen 
area, number and total vessel area: leaf area ratios over time, we used the Hagen-
Poiseuille equation (Tyree and Zimmermann 2002) to calculate theoretical values of 
hydraulic conductivity and leaf-specific conductivity (conductivity/leaf area) for 
seedlings growing in each light regime (Fig. 3.2). Each value of hydraulic function 
was calculated relative to the maximum day-7 value (7 days after germination, a 
date at which seedling sizes were not significantly different between treatments, 
Doley 1978), which for both cases was for the low light intensity seedlings. In fact, 
the seedlings growing in low light intensity had greater theoretical hydraulic- and 
leaf-specific conductivity than did those at high light at day 7 and day 14. This trend 
was reversed by day 21 after which the seedlings growing in high light intensity 
outpaced the low intensity seedlings in both measures of hydraulic efficiency. By 
day 49, the high-light seedlings had nearly 600 times the theoretical hydraulic 
conductivity that the low-light seedlings had had on day 7, and more than four times 
the value of the low light seedlings of the same age. These increases were caused by 
the addition of more and wider vessels to the xylem relative to the low light intensity 
seedlings. Increases in leaf area resulted in smaller differences in hydraulics when 
compared on a leaf-specific scale (Fig. 3.2b). However, by day 49 the leaf-specific 
conductivity of the high light grown plants was >11 times the day-7 value of the low 
light seedlings, and more than double when comparing hydraulic function of the 
low light plants on day 49.

The functional consequences of these patterns (Fig. 3.2) are apparent when the 
values from the two panels are compared. For the high light seedlings, the increase 
in the theoretical hydraulic conductivity between days 21 and 28 is insufficient to 
compensate for the increase in leaf area, and the leaf-specific value does not increase. 
The low light grown seedlings exhibit a drop in leaf-specific conductivity because 
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Fig. 3.2 The change in 
theoretical values of hydraulic 
conductivity (a) and 
leaf-specific hydraulic 
conductivity (b) over the first 
49 days after germination in 
Eucalyptus grandis seedlings 
grown under high (12.6 mol 
m−2 day−1 photosynthetically 
active radiation) and low 
(2.8 mol m−2 day−1) light 
intensity. Hydraulic values are 
relative to the maximum value 
for either growth treatment on 
day 7 (which was the low 
light value for both panels). 
Hydraulic values were 
calculated from anatomical 
data in Doley (1979)

the hydraulic conductivity did not increase in concert with the leaf expansion. 
Unfortunately, the data are not available to determine if this disconnect between 
the hydraulic supply and leaf area resulted in limited carbon assimilation due to 
stomatal closure.

A number of studies have examined the effect of limited water supply on root 
and shoot structure. In particular, Padilla et al. (2007) showed that when water is 
less available, individuals of three Mediterranean shrub species tend to elongate 
their roots relative to individuals of the same species growing under conditions of 
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greater soil moisture. This response to grow deeper roots can enhance seedling 
survival in habitats with prolonged droughts where deeper soil layers may maintain 
more moisture than the top layers (Padilla and Pugnaire 2007). When congeneric 
pairs consisting of one species from a high rainfall environment and one species 
from a low rainfall environment were grown under common and favorable condi-
tions, most low-rainfall species had lower specific root length (length per mass of 
roots) relative to their high-rainfall congeneric (Wright and Westoby 1999; Nicotra 
et al. 2002). The root systems of the low-rainfall species also showed greater 
elongation of the main axis of the root system, but fewer and shorter side branches 
(Nicotra et al. 2002). Although the theoretical axial hydraulic conductivity of the root 
systems were calculated and no differences were found between the congenerics, it 
is unclear what impact the thicker roots (i.e., lower specific root length) would have 
on the radial conductivity and thus the entire hydraulic conductance of the root 
network. As the plant hydraulic conductance is proportional to the photosynthetic 
rate (Hubbard et al. 2001; Meinzer and Grantz 1990; Sperry et al. 1993), plants 
would benefit from maximizing their root conductance, yet the tools and techniques 
to measure this value in seedlings are not currently developed.

4  Future Research

Due to their small size and fragile nature, it is difficult to measure the physiology of 
emergent seedlings. For example, it is difficult to clamp young seedlings into tradi-
tional gas exchange chambers without destroying the seedling. In addition, it typically 
requires several individual seedlings inside the same chamber to achieve a signal to 
noise ratio high enough to make the measurements reliable. Consequently, many 
seedlings end up being sacrificed for a set of physiological measurements, which is 
especially problematic when working with limited numbers of naturally-occurring 
seedlings. It is also difficult to perform water potential measurements, due to  
the small diameter of the cut end and the difficulty in recognizing the balance pres-
sure. Furthermore, measures of hydraulic conductance on emergent seedlings are 
nonexistent because our current methods are primarily designed for woody tissues. 
In addition, naturally-occurring seedlings may only be available only every few 
years due to natural cycles in reproductive output, so most researchers rely on 
planted seedlings (germinated in the greenhouse) or greenhouse studies, which may 
not be reflective of naturally-occurring seedling microclimate and physiology.

However, there are promising strategies and new methods being developed 
that could be easily adapted to emergent seedling physiology. Techniques that could 
be adapted to the study of young seedlings include chlorophyll fluorescence for studies 
of photosynthetic potential (or photoinhibition); using smaller chambers for 
measuring gas exchange of single cotyledons (e.g. LICOR Arabidopsis chamber); 
and the rehydration kinetics method (Brodribb and Holbrook 2003), previously 
used for leaf hydraulic conductance, could be used to measure seedling hydraulic 
conductance. There are also tools that are independent of size: tissue osmometry for 
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measuring solute concentrations, use of Lockhart-based analyses of growth, and 
studies of gene expression and gene product inactivation (e.g. aquaporins) with 
inhibitory chemicals.

Overarching questions about which little is known and that are likely to be fruitful 
in the near future include the following. (1) What are the adaptive nature of different 
cotyledon structures? Much work has been done on classification of seedling types 
(e.g. Garwood 1996) and on relationships between cotyledon or seed size/mass and 
survivorship (Kitajima 1996; Bonfil 1998; Moles and Westoby 2004a). However, 
we know very little about the adaptive significance of cotyledon shape (and why 
cotyledons are often very different from primarily leaves), orientation, internal 
structure, stomatal distribution, cuticular qualities, etc. An energy balance approach 
incorporating these cotyledon parameters along with the very low wind speeds 
found near the ground might be particularly elucidative. (2) What determines the 
timing of the transition between cotyledonous and the first true leaves, and is this 
transition a time of greater mortality? Does carbon balance or water status determine 
whether or not young seedlings flush a new set of primary leaves or is it more closely 
related to environmental conditions (e.g. temperature degree days, red:far-red 
ratios, etc.) or determined entirely by genetic cues? (3) What are the hydraulic 
properties of young seedlings and how are they affected by different types of stress? 
Measurements of hydraulic conductivity and conductance of various parts of emer-
gent seedlings and their vulnerability to hydraulic dysfunction during drought or 
freeze-thaw conditions could be particularly informative, especially for predictions 
of future species or community migration under climate change. A greater under-
standing of how seedling hydraulics impacts carbon gain and seedling survival will 
allow more accurate predictions of seedling establishment and population range 
shifts under different predicted scenarios of future climates.
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