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Abstract
Root system growth dynamics and architecture influence the establishment and field per-
formance of planted forest tree seedlings. Roots display extensive phenotypic plasticity in 
response to changes in environmental conditions, which can be harnessed through man-
agement to produce seedlings with desirable root traits for better field performance. This 
systematic review synthesizes research on the effects of nutrients, light, soil temperature, 
water availability, and their interactions on seedling root system development and archi-
tecture in nursery production and field establishment. Major findings show that nutrient 
and water availability have the greatest potential for regulating root system development 
and architecture. High nutrient availability increases overall root growth, branching, and 
rooting depth until plants reach nutrient sufficiency that may cause root growth inhibi-
tion. Drought preconditioning (i.e., exposure to drought stress in the nursery) effects vary 
widely, but generally reduces seedling size and promotes root vs. shoot growth. Soil tem-
perature and light availability can control seedling growth and influence stress resistance. 
For example, shading promotes shoot vs. root growth, while photoperiod reduction has the 
opposite effect. Forest tree species have an optimal temperature for root growth between 
15 and 25 °C, outside of which, development is increasingly impaired. Furthermore, seed-
ling morphology and physiology is often a result of additive or interactive effects among 
environmental factors. Interactions between nutrient availability and other environmental 
factors show the greatest potential to improve seedling root development and field perfor-
mance. However, ecological differences among species and ecotypes and complex trade-
offs among trait expression can entangle the identification of clear trends among interact-
ing environmental factors.
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Introduction

Importance of root development and architecture

Root system growth and architecture strongly affect seedling outplanting survival and 
growth (Davis and Jacobs 2005; Grossnickle 2005). Root system architecture (RSA) refers 
to the spatial configuration of roots in the soil and the structure of the various compo-
nents constituting root systems (root segments and root topology; Lynch 1995; Hodge et al. 
2009). Because plants extract water and essential minerals from soils, and those resources 
are heterogeneously distributed and periodically depleted and recharged, soil foraging effi-
ciency and plant productivity depend fundamentally upon dynamic root growth and RSA 
(York et al. 2013). RSA is generally a product of the separation of functions among the 
different root components (Hutchings and de Kroon 1994; Hodge et al. 2009). The main 
woody roots expand the root system in depth and surface soil horizon, serving as a resource 
transport and storage system, and providing anchorage (Dumroese et al. 2019). Fine feeder 
roots, which in contrast to woody roots are not suberized and thus have lower resistance 
to water flow, allow plants to absorb water and solutes (Sands et al. 1982; Rüdinger et al. 
1994; Wells and Eissenstat 2002; Hawkins et al. 2014).

Many RSA characteristics have been shown to increase plant growth rates and survival, 
which are particularly important during early stages in plant life cycles when they are the 
most vulnerable to environmental stress (Pulido et  al. 2010; Sáenz-Romero et  al. 2020). 
The size and proportion of plant biomass allocated to root systems influences seedling 
survival and the balance between seedling water uptake and evapotranspiration capacity 
(Grossnickle 2012; Sheridan and Davis 2021). Outplanted seedlings that rapidly grow a 
root system sufficiently large and deep to access stable water reserves have a greater 
probability of surviving dry periods (Schulze et  al. 1996; Padilla and Pugnaire 2007; 
Villar-Salvador et  al. 2012; Andivia et  al. 2018). Increased root branching and a higher 
proportion of small roots enables foraging of greater soil volumes for required resources 
(Rewald et al. 2011; Hawkins et al. 2014). Plants also alter the angle of their lateral roots 
in order to forage different layers of the soil, which is crucial as not all nutrient or water 
resources are equally present across soil horizons (Forde and Lorenzo 2001; Beidler et al. 
2015; Koevoets et  al. 2016). Other characteristics of root systems, such as specific root 
length (SRL; root length divided by dry mass) and root tissue density (RTD; root dry mass 
divided by fresh root volume), also vary in response to a wide variety of environmental 
variables (Ostonen et al. 2007; Kramer-Walter et al. 2016).

Phenotypic plasticity refers to the ability of an organism to alter its phenotype depending on 
the environment in which it occurs (Schlichting and Pigliucci 1995). Roots show high plastic-
ity to changes in environmental conditions, resulting in variation in RSA and growth dynamics 
(Lopushinsky and Max 1990; Toca et al. 2019; Moler et al. 2022). RSA is regulated by two 
primary, interacting mechanisms (Malamy 2005): (1) intrinsic developmental cues, and (2) 
responses to extrinsic environmental cues. Intrinsic drivers determine the characteristic RSA 
of a species such as lateral root initiation and patterning of the primordium. Intrinsic drivers 
explain the environmentally insensitive patterns in RSA and also define the limits for plastic-
ity in a given species. For example, phytohormones such as abscisic acid, indoleacetic acid 
and cytokinins play a major role in regulating root primordia formation and growth (Casimiro 
et  al. 2003; Lambers et  al. 2008; McAdam et  al. 2016). Environmental response mecha-
nisms, on the other hand, co-ordinate environmental signals with development by regulating 
intrinsic pathways. For instance, water availability has a significant impact on phytohormone 
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synthesis (Popko et al. 2010). Under limited water availability the production of abscisic acid 
is increased while synthesis of indoleacetic acid is suppressed, resulting in changes in root 
and shoot biomass allocation, root elongation rate, and lateral root formation (Popko et  al. 
2010; McAdam et  al. 2016). Such developmental responses to environmental conditions 
may contribute to plant growth patterns that support the functional equilibrium hypothesis, 
i.e. a resource-based tradeoff between biomass allocation to above- and below-ground organs 
(Brouwer 1963). Generally, when development is limited by resources absorbed by roots, 
growth allocation is shifted toward root systems, while the opposite growth pattern is found 
when the limited resource is absorbed by the shoot (Brouwer 1983; Poorter et al. 2011).

Despite the advances made to increase plant production quality in forest nurseries, 
it is common for only 25% or less of planted seedlings to survive in areas with limited 
water availability or high seasonal drought stress (Davis and Frazer 1988; Engelbrecht 
et al. 2005; Martínez-Garza et al. 2011; Li et al. 2013; Ouzts et al. 2015). Poor seedling 
establishment translates to large negative economic impacts, and under current climate 
change projections, seedling survival is expected to decrease due to greater frequency 
and severity of droughts and wildfires (Seager et  al. 2007; Davis et  al. 2019). There-
fore, advancing towards an integrated understanding of the many exogenous factors and 
response mechanisms that regulate plant RSA is an important goal for future reforest-
ation efforts to design standardized nursery growth regimes that produce high quality 
seedlings with desirable root traits and high outplanting survival and growth.

Research advances on seedling production and field performance over the last dec-
ades allowed for extensive reviews that provide a deeper understanding of the key factors 
affecting survival and growth. Most reviews focus on the effects of whole seedling char-
acteristics such as seedling size (Andivia et al. 2021), seedling quality evaluation (Gross-
nickle 2012; Grossnickle and MacDonald 2018), nutrition (Villar-Salvador et  al. 2012, 
2015), bare root and container stock type (Grossnickle and El-Kassaby 2016), and effects 
of container size (Poorter et al. 2012). While reviews of root systems have brought atten-
tion to the overall importance of root growth in overcoming plant stress (Grossnickle 
2005) and methods of root system quality evaluation (Davis and Jacobs 2005), there has 
been little synthesis of the available research on how manipulation of environmental 
conditions affects forest seedling root system development and architecture. Therefore, 
the objective of this review is to synthesize the research on the effects of nutrient and 
water availability, light (shading and photoperiod reduction), soil temperature, and their 
interactions in the nursery on seedling root system development and architecture. For 
each of the various environmental conditions reviewed, we discuss effects in the nursery 
and, when available, following outplanting. Studies that evaluated the effects of envi-
ronmental conditions only in the field were not included. Other metrics of outplanting 
performance are also discussed, such as survival and growth. We recognize that root 
development in the field is intimately linked with survival and aboveground growth, and 
most studies have focused on these metrics. Thus, studies examining post-planting root 
development in response to nursery treatments are more limited. Based on this synthe-
sis we then determine the relative importance of these environmental variables for root 
development regulation and discuss implications of this synthesis for forest management.
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Methods

For this review, we screened the literature for each environmental condition using of the 
following keywords in Web of Science and Google Scholar: seedling, root, and roots, in 
combination with the specific keywords for each subsection: fertilization, nutrient, nitro-
gen, phosphorus, light, shading, blackout, short day, temperature, soil temperature, water, 
irrigation, drought preconditioning, drought hardening. Because the information we were 
interested in is often not in article titles, keywords, or abstracts, we searched for additional 
articles cited in the initial list of articles to find publications that were not directly detected 
through our search. Searches were done with no date limits, and ranged through the end 
of 2021. Articles found through these combined approaches that presented results on root 
system development and architecture of forest tree seedlings are presented in Tables 1, 2, 
3, 4 and 5.

Nutrient availability

Mineral nutrient availability helps to determine seedling growth, phenotype, and physi-
ological status and thus, plant performance after outplanting. Fertilization increases seed-
ling mineral nutrient content, which in turn increases remobilization capacity (Millard 
and Grelet 2010; Villar-Salvador et al. 2015) and photosynthesis rate (Evans 1989; Oliet 
et al. 2013; Zhang et al. 2018). High photosynthesis rate, nutrient storage and remobiliza-
tion promote seedling growth during cultivation and after outplanting (Reich et al. 1998b; 
Salifu and Timmer 2001; Carles et al. 2011; Uscola et al. 2015a, b). Increasing balanced 
fertilizer levels increases overall seedling growth (Larigauderie et al. 1994; Villar-Salvador 
et al. 2004a; Luis et al. 2009; Toca et al. 2020) and promotes biomass allocation away from 
roots towards stems and leaves, resulting in seedlings with lower root to shoot ratios (R/S) 
(Driessche 1980; Proe and Millard 1994; Mackie-Dawson et al. 1995; Villar-Salvador et al. 
2004a; Luis et al. 2009; Kramer-Walter and Laughlin 2017; Toca et al. 2020). Nonetheless, 
most studies show that an increase in nutrient availability increases root growth (Proe and 
Millard 1994; Mackie-Dawson et al. 1995; Salifu et al. 2008; Hernández et al. 2009; Luis 
et al. 2009; Adams et al. 2013; Uscola et al. 2015a, b; Toca et al. 2020), while others have 
reported a decrease (Wang et al. 2017) or no change (Driessche 1980; Trubat et al. 2006). 
The timing of nutrient application (i.e., late-season or exponential fertilization) during the 
year could also significantly affect seedling root development. Late-season fertilization has 
been shown to increase root development and root growth potential (Andivia et al. 2011; 
Driessche 1985). However, a review by Oliet et al. (2013) showed that the effects of late-
season fertilization on seedling root development have not been consistent in Mediterra-
nean forest species including conifers and broadleaves trees and shrubs. Responses to the 
timing of fertilization is likely to depend on the ecological context of each species.

Plasticity of roots in response to nutrient availability is a key process influencing plant 
foraging capacity and RSA. Upon encountering soil nutrients, roots increase branching 
density in the enriched soil patch to maximize nutrient absorption (Friend et  al. 1990; 
Pinno and Wilson 2013). Thus, seedlings grown under high fertilization show a higher 
number of lateral roots with lower SRL (Larigauderie et al. 1994; Mackie-Dawson et al. 
1995; Li et al. 2013; Toca et al. 2019). Because some of the most important nutrients, such 
as phosphorus (P) and potassium (K), are generally in greater abundance in the topsoil 



1117New Forests (2022) 53:1113–1143	

1 3

layers (Koevoets et al. 2016), nutrient availability also affects the depth and angle of lateral 
root proliferation to increase the uptake of these nutrients (Fitter and Stickland 1991; WU 
et al. 2005; Trubat et al. 2006). Roots growing under low nutrient availability, however, are 
more elongated with higher SRL and less lateral branching density, probably to increase 
the efficiency of soil exploration (i.e. less nutrient investment per volume of soil explored) 
(Larigauderie et  al. 1994; Beidler et  al. 2015; Toca et  al. 2019). However, some studies 
have reported an increase in root branching in response to nutrient deficits (Trubat et al. 
2012; Wang et al. 2017) to increase nutrient absorption capacity.

There are few studies that have analyzed the long-term effects of fertilization on seed-
ling RSA following outplanting. The available results in conifer (Pinus and Picea) species 
confirm that larger seedlings with high nutrient content due to nursery fertilization devel-
oped deeper and larger root systems with higher root elongation rates and lateral branching 
(Folk and Grossnickle 2000; Salifu and Timmer 2001; Boivin et al. 2004; Luis et al. 2009; 
Cuesta et  al. 2010; Toca et  al. 2019). A similar effect was described for broadleaf spe-
cies such as Quercus rubra (Salifu et al. 2008) and Platanus occidentalis (Luxmoore et al. 
1993), which showed increased post-transplant root development in nutrient-rich seedlings. 
These phenotypic changes reflect growth strategies that likely improve soil foraging capac-
ity and ensure a stable supply of water to developing seedlings. Inter- and intra-specific 
variation exists in how seedling RSA responds to fertilization regimes (Fitter and Stick-
land 1991). For example, Pinus pinea and Pinus halepensis, which are species form arid 
environments, show lower RSA plasticity following outplanting in response to changes in 
seedling nutrient content than Pinus pinaster, that inhabits moderate to low stress environ-
ments and prioritize root development only if resources are available (Cuesta et al. 2010; 
Toca et al. 2019).

Field performance of planted seedlings is greatly affected by nutrient status. Most 
studies report that large and nutrient-rich seedlings are linked to greater outplanting 
performance and survival compared to low nutrient content seedlings (Driessche 1980, 
1992; Timmer and Aidelbaum 1996; Puértolas et al. 2003; Villar-Salvador et al. 2004a, 
2012; Salifu et al. 2009; Oliet et al. 2009; Luis et al. 2009; Li et al. 2013; Andivia et al. 
2021). The positive effects of high nutrient availability on outplanting performance, 
especially in dry regions, are attributed to traits such as high rates of photosynthesis, 
nutrient remobilization capacity and non-structural carbohydrate storage that promote 
rapid growth, and new root development (Timmer 1997; Luis et  al. 2009; Villar-Sal-
vador et al. 2012; Pinno and Wilson 2013). However, other studies conclude that high 
fertilization rates during cultivation hinder seedling outplanting performance and sur-
vival in arid environments (Trubat et al. 2008, 2011). The negative effects are mainly 
attributed to the imbalance between excessive water demand and uptake capacity of 
large nutrient-rich seedlings with lower R/S (Cortina et al. 2013). Differences in nutri-
ent availability on plant biomass allocation between shoots and roots, root growth and 
architectural characteristics such as root branching and rooting depth were synthesized 
in Fig. 1 based on the studies listed in Table 1.

Variation in root development and RSA can also be attributed to differences in avail-
ability of specific nutrients (Friend et al. 1990; Folk and Grossnickle 2000). Next, we 
synthesize reports on the effects of nitrogen and phosphorus on root development, the 
two most well-studied macronutrients.
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Nitrogen

Nitrogen (N) is one of the main nutrients involved in root growth, which follows from the 
essential role of N in chloroplasts, amino acids, and nucleic acids (Schulze et  al. 2005). 
For example, high N concentrations in leaves are frequently related to greater photosyn-
thetic capacity of plants (Evans 1989). N generally accumulates in plant organs in the form 
of storage proteins that can be remobilized for new growth in spring (Salifu and Timmer 
2001; Millard and Grelet 2010; Villar-Salvador et  al. 2015), thus promoting high root 
growth (Uscola et al. 2015a, b; Fernández et al. 2007; Salifu et al. 2008). Hence, N acquisi-
tion, storage and remobilization are main processes affecting seedling root growth (Timmer 
1997; Millard and Grelet 2010; Villar-Salvador et al. 2015).

Abundant soil N modulates root size but also affects RSA by increasing the number of 
lateral roots (Friend et al. 1990; Pregitzer et al. 1993; Mackie-Dawson et al. 1995; Li et al. 
2013) and their diameter (Wang et al. 2018), reducing the ratio of fine to coarse roots (Li 
et al. 2015), and reducing the SRL of the root system (Ostonen et al. 2007). In addition, 
root lifespans of some species have been found to increase in response to the presence of N 
rich soil patches in order to improve resource acquisition (Adams et al. 2013). Contrary to 
root proliferation in nutrient rich patches of soil, high and homogeneous concentrations of 
N in the soil have been reported to reduce root growth, especially lateral branching (Walch-
Liu et al. 2006; Wang et al. 2013). This effect of the root systems seems to be a result of 
nitrate (NO3

−) sufficiency, or toxicity due to high fertilizer salt concentrations explaining 
root growth inhibition (Jacobs et al. 2004; Jacobs and Timmer 2005; Wang et al. 2017). 
Accordingly, several studies suggest that both plant-stored N and soil N may simultane-
ously regulate root architecture (Forde and Lorenzo 2001; Forde 2014). For instance, plant 
NO3

− concentration modulates root branching in Arabidopsis thaliana L. (Heyn) by influ-
encing the timing of lateral root development (Zhang et al. 1999; Walch-Liu et al. 2006). 
A similar effect was found in Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), where N 
stressed seedlings had significantly higher root branching in nutrient rich soil patches com-
pared to N-rich seedlings (Friend et al. 1990).

Fig. 1   Root development and architectural plasticity in response to an increasing gradient of nutrient avail-
ability. Arrow lengths indicate relative values of root system branching, depth, dry weight (DW) and root-
to-shoot ratio (R/S). Increasing nutrient availability promotes overall root growth, branching, and root-
ing depth until plants reach nitrate sufficiency that can cause root growth inhibition. Root to shoot ratio 
decreases with increasing nutrient availability
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Phosphorus

After N, phosphorus (P) is the next most studied nutrient in forest tree seedling physiology. 
Among the essential nutrients for plant growth and development, P is a key component of 
nucleic acids, phospholipids, and plays a central role in energy metabolism through adeno-
sine tri-phosphate (the energy currency of cells) (Schulze et al. 2005). P is stored mainly 
in the vacuole as polyphosphates or as sugar esters that can be remobilized when nutrient 
demand increases (Lee et al. 1990).

Seedlings show high plasticity in response to variable P availability, including signif-
icant changes in root development and architecture. Across species, the most significant 
effects of P on RSA were triggered by P deficiency. To cope with P deficiency, plants typi-
cally increase the length and density of lateral roots and root hairs and reduce growth of 
the primary root (Forde and Lorenzo 2001; Williamson et  al. 2001; López-Bucio et  al. 
2003; Wu et al. 2005; Péret et al. 2011, 2014; Trubat et al. 2012). Low P availability has 
been shown to have a variable effect on total root dry weight across species. Studies of 
multiple conifers and broadleaf species show that low P availability reduces the total root 
dry weight of seedlings (Browning and Whitney 1992; Proe and Millard 1995; Oliet et al. 
2005; Sardans et al. 2006). Meanwhile, low P availability had no effect on Swietenia mac-
rophylla and Eucalyptus globulus (Fernández et al. 2007; Seabra et al. 2018), but increased 
the root dry weight in Pistacia lentiscus (Trubat et al. 2012). P deficiency also promotes 
lower root angles and high SRL (Trubat et al. 2006). These RSA modifications are proba-
bly an adaptive mechanism for foraging upper portions of the soil profile, where P tends to 
be more abundant due to the relative immobility of P in soil (Koevoets et al. 2016). Similar 
to N, root branching density increases upon encountering P-rich soil patches (Mickaël et al. 
2007). However, most studies assessing the effects of P on RSA were done on Arabidopsis 
thaliana and other herbaceous species (e.g., Forde and Lorenzo 2001; Williamson et  al. 
2001; López-Bucio et al. 2003; Péret et al. 2011, 2014). Nonetheless, the same architec-
tural responses to P availability were observed in woody species such as Pistacia lentiscus 
L. (Trubat et al. 2012) and Fraxinus mandshurica Rupr. (WU et al. 2005), suggesting that 
these effects could be prevalent in plants more broadly.

Although the RSA changes described above have been associated with greater soil for-
aging capacity, P deficiency may result in an undesirable tradeoff between topsoil forag-
ing and water acquisition (Ho et al. 2005), hence impairing seedling establishment in dry 
regions. In addition, P deficiency is associated with lower remobilization capacity and pho-
tosynthesis rate, which can further hinder root development and seedling field performance 
(Driessche 1980; Proe and Millard 1995; Folk and Grossnickle 2000).

Light availability

Sunlight in the form of short-wave radiation is the main energy source for primary produc-
tion on earth. To grow, trees need to adapt to local, daily and seasonal variations in pho-
tosynthetically active radiation. Even within the same plant, leaves are generally exposed 
to different light intensities. Thus, leaves have the capacity to morphologically and physi-
ologically acclimate to variations in light, although species vary in their tolerance to shade, 
excessive light and heat (Niinemets et al. 1998; Lambers et al. 2008). Exposure to exces-
sive light leads to photo-oxidative stress due to limited capacity to detoxify reactive oxygen 
species formed when absorbed light exceeds the demand for photosynthesis (Asada 2006). 
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If photo-oxidative stress is sustained, over time it may result in reduced photosynthesis 
rates, chloroplast damage, and ultimately death (Juvany et al. 2013). Exposure to low light 
generally results in a down-regulation of photosynthetic systems, which can significantly 
limit plant growth (Reich et  al. 1998a; Welander and Ottosson 1998; Deng et  al. 2020) 
and increase specific leaf area (van Hees 1997; Valladares et  al. 2000; Van Noordwijk 
et al. 1998). Seasonal variations in photoperiod influence the life cycle of trees. Increasing 
length of the photoperiod stimulates seedling budbreak, leaf-out and other developmen-
tal phenomena such as flowering (Lambers et al. 2008; Zohner and Renner 2015). Photo-
period reduction plays an important role in cessation of shoot elongation, dormancy, bud 
formation and cold hardiness (Hawkins et al. 1996; Turner and Mitchell 2003; Wallin et al. 
2017).

Light regime manipulation is used in nurseries to protect plants from excessive solar 
radiation through shading (Helgerson 1990) and to regulate seedling morphology and dor-
mancy by way of photoperiod reduction (i.e. blackout treatment). While shading is effec-
tive in protecting most species, blackout is most often applied to conifers because of their 
responsiveness to changes in photoperiod. Both shading (Madsen 1994; Reich et al. 1998a) 
and blackout (Grossnickle et al. 1991; Hawkins et al. 1996) reduce seedling growth. How-
ever, the effects of shading and blackout on seedling morphology and physiology are very 
different and, in some cases, antagonistic.

In accordance with the theory of functional equilibrium, shading is linked to a shift in 
biomass allocation away from roots and towards stems and leaves (van Hees 1997; Reich 
et al. 1998a; Luis et al. 2009). Thus, most studies report a decrease in root development and 
the R/S dry mass ratio in response to shading across a wide range of conifer species (Reich 
et al. 1998a; Puértolas et al. 2009; Luis et al. 2010; Deng et al. 2020) and broadleaf spe-
cies (Madsen 1994; van Hees 1997; Reich et al. 1998a; Welander and Ottosson 1998; Valio 
2001; Puértolas et al. 2009; Villar-Salvador et al. 2004a) (Table 2). However, some studies 
report no effect of shading on R/S or root growth (Valladares et al. 2002; Villar-Salvador 
et al. 2004a; Luis et al. 2010). Shading also increases SRL and fine root length, although 
biomass partitioning to fine root biomass is reduced proportionally more than to coarse 
roots (van Hees 1997). Studies that have evaluated the long-term effects of shading during 
the nursery phase on seedling outplanting show that in some species root development in 
the field could be impaired (Puértolas et al. 2009). Ecological differences among species 
in response to light may account for the range of different directions and magnitudes of 
effects reported in the literature (Table 2), such as whether species are light-demanding or 
shade-tolerant during the juvenile phase (Tyree et al. 1998; Reich et al. 1998a; Welander 
and Ottosson 1998; Puértolas et al. 2009).

Blackout decreases shoot development due to early growth cessation. But root growth 
is predominantly regulated by temperature, so roots continue to grow after the application 
of the treatment (Grossnickle et al. 1991). Thus, most studies show no effect or an increase 
in overall root development as well as higher seedling R/S in response to blackout treat-
ment (Table 3) (Immel et al. 1978; Burdett and Yamamoto 1986; Grossnickle et al. 1991; 
Krasowski and Owens 1991; Bigras and D’Aoust 1993; Hawkins et  al. 1996; Coursolle 
et al. 1997; Turner and Mitchell 2003; Jacobs et al. 2008; Kostopoulou et al. 2011; Fløistad 
and Eldhuset 2017; Jiang et al. 2019). First order lateral roots have been shown to increase 
with blackout exposure in Pinus tabuliformis Carr. compared to seedlings grown under 
ambient photoperiod (Jiang et al. 2019). However, some studies show no effect of black-
out treatment on seedling morphological traits such as height, shoot and root dry mass, or 
R/S (Table 3) (Burdett and Yamamoto 1986; Bigras and D’aoust 1992; Arnott et al. 1993; 
Luoranen et al. 2007; Fløistad and Eldhuset 2017).



1121New Forests (2022) 53:1113–1143	

1 3

The short- and long-term effects of blackout treatment on root development have been 
studied in the field (Landhäusser et  al. 2012) and simulated outplanting through root 
growth capacity tests (Hawkins et al. 1996), and hydroponic systems (Jacobs et al. 2008). 
Across the different evaluation methods, most studies report no effect of blackout treat-
ment on new root development across multiple conifer species (Grossnickle et  al. 1991; 
Arnott et al. 1993; Hawkins et al. 1996; MacDonald and Owens 2006; Kostopoulou et al. 
2011) and broadleaved species (Davis 2006; Landhäusser et al. 2012). But, cases of higher 
(Luoranen et  al. 2007) and lower (Hawkins and Shewan 2000) new root production in 
response to blackout exist. Blackout was shown to increase and reduce new root growth, 
even for the same species, depending on the outplanting rhizosphere temperature (Jacobs 
et al. 2008). Seedlings exposed to blackout treatment have shown greater new root develop-
ment under temperatures suboptimal for root growth, while similar or lower root growth as 
compared to control seedlings was observed with optimal temperatures grown under ambi-
ent photoperiod (Grossnickle et al. 1991; Hawkins and Shewan 2000; Davis 2006; Jacobs 
et  al. 2008). Although this interaction was not observed in Chamaecyparis nootkatensis 
(D. Don) Spach. (Arnott et al. 1993) or Picea sitchensis (Bong.) Carrière. (Hawkins et al. 
1996) where seedlings exhibited similar root development under optimal and suboptimal 
temperatures within a narrower range of temperatures. Additional differences among stud-
ies in the direction and magnitude of the effects of blackout could be explained by differ-
ences in the daily duration of photoperiod reduction (Bigras and D’Aoust 1993), number of 
days the treatment was applied (Coursolle et al. 1997), or variation in the timing of black-
out application during the growing season (Krasowski and Owens 1991; Turner and Mitch-
ell 2003). The effect of blackout treatment on plant root and shoot allometry appears to be 
mediated by the timing of application in relation to budset phenology. Thus, species that 
develop terminal buds during blackout application show greater allocation belowground 
than species with actively elongating shoots (Immel et  al. 1978; Burdett and Yamamoto 
1986; Kostopoulou et al. 2011).

Across multiple species, seedling outplanting survival and field performance was 
reported to be largely unaffected by shading (Madsen 1994; Valio 2001; Villar-Salvador 
et al. 2004a; Puértolas et al. 2009) and blackout treatment (Hawkins et al. 1996; MacDon-
ald and Owens 2006; Kostopoulou et al. 2011). However, seedling survival was increased 
after exposure to blackout treatment when winter mortality due to freezing damage was 
considered (Mexal et  al. 1979). Shading was reported to have some negative effects in 
Pinus halepensis Mill. (Puértolas et al. 2009) and Fagus sylvatica L. (Madsen 1994), with 
the most extreme shading treatments (< 5% of full sunlight) resulting in higher mortal-
ity and lower growth, while a 40% shading treatment only resulted in less growth in P. 
halepensis.

Given the variability in the effects of light manipulation treatments due to ecological 
differences among species, implementation methods and interactions with other environ-
mental factors (Table 2 and 3; Interactions among environmental factors section below), a 
graphical synthesis of the detailed changes in seedling development and RSA across gradi-
ents of light manipulation was not possible.
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Soil temperature

Temperature is one of the major environmental factors affecting plant distribution. Species 
differ in their optimal range of temperature for growth, and are generally classified as psy-
chrophiles, mesophiles and thermophiles in ascending order of temperature requirements 
(Schulze et al. 2005). The effect of temperature is different across plant organs, with roots 
being more responsive to variation in temperature than shoots (Grossnickle et  al. 1991; 
Vapaavuori et  al. 1992; Landhäusser et  al. 2001; Domisch et  al. 2002; Peng and Dang 
2003; Štraus et al. 2015). Soil temperature can be an important cause of stress for root sys-
tems, especially where cold winters or high altitudes cause conditions of extreme cold or 
hot summers cause conditions of extreme heat. Although forest tree seedlings differ in their 
optimal range of temperature for root growth, most species show maximum root develop-
ment between a range of 15–25 °C (Lopushinsky and Max 1990; Lyr and Garbe 1995; Lyr 
1996; Peng and Dang 2003). Beyond this range of temperatures, seedlings show a gradual 
decrease in root development, resulting in a positive parabolic relationship between tem-
perature and growth (Lopushinsky and Max 1990) (Fig. 2). Most species show an absence 
of root growth at a temperature below 5 °C (Tryon and Chapin 1983; Iivonen et al. 1999; 
Landhäusser et al. 2001; Alvarez-Uria and Körner 2007) and roots rapidly cease growth 
over 30 °C (Lopushinsky and Max 1990; Lyr 1996; Peng and Dang 2003). This response 
pattern is very consistent across species from different environments and phylogenetic 
groups (Peng and Dang 2003; Alvarez-Uria and Körner 2007) and seedling provenances 
within the same species (Graves and Aiello 1997; King et  al. 1999). Because roots are 
generally very responsive to changes in temperature, studies show a decrease in the R/S 
of seedlings, especially with decreasing suboptimal temperatures (Kummerow and Ellis 
1984; Landhäusser et al. 1996, 2001; Balisky and Burton 1997). Nonetheless, many studies 
report no effect of temperature on R/S ratios (King et al. 1999; Domisch et al. 2001; Peng 
and Dang 2003; Overdieck et al. 2007; Štraus et al. 2015), although some of these studies 
had a narrow range of temperatures (Table 5). Similarly, most studies show no effect of 
temperature on SRL (Wan et al. 2004; Alvarez-Uria and Körner 2007), with a few studies 
reporting lower SRL under suboptimal soil temperatures (Štraus et al. 2015). The effects of 
soil temperature on root development were synthesized in Fig. 2 based on the studies listed 
in Table 5.

Fig. 2   Root development and architectural plasticity in response to an increasing gradient of soil tempera-
ture. Arrow lengths indicate relative values of root system branching, depth, dry weight (DW) and root-to-
shoot ratio (R/S). Question marks indicates a lack of sufficient data to discern a trend. Forest tree species 
have an optimal temperature for root development ranging between 15 and 25 °C, beyond which, growth is 
increasingly impaired
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Suboptimal soil temperatures reduce root development because it limits the rate of 
chemical, physical, and enzymatic processes (Ryyppo et  al. 1998; Ostonen et  al. 2007; 
Faget et al. 2013). Specifically, low soil temperature has been shown to increase the resist-
ance of roots to water flow and decrease plant hydraulic conductance, thus decreasing 
water and nutrient uptake capacity (Lopushinsky and Max 1990; Wan et al. 1999; Pregitzer 
et al. 2000; Domisch et al. 2001; Sayer et al. 2005), resulting in reduced stomatal conduct-
ance and photosynthesis (Landhäusser et al. 1996, 2001; Ryyppo et al. 1998; Iivonen et al. 
1999; King et al. 1999; Wan et al. 1999; Greer et al. 2006). For example, exposure of root 
systems to 2 °C produced a rapid and long-lasting decrease in net photosynthesis of Jug-
lans regia seedlings (Lyr 1996). Accordingly, slower root elongation rates occur under sub-
optimal soil temperature, resulting in diminished root length and total biomass (Nambiar 
et al. 1979; Halter et al. 1997; King et al. 1999; Peng and Dang 2003; Sayer et al. 2005; 
Alvarez-Uria and Körner 2007; Jacobs et al. 2008). In addition, suboptimal temperatures 
reduce the formation of new root tips (Nambiar et al. 1979; Andersen et al. 1986; Lopush-
insky and Max 1990; Vapaavuori et al. 1992; Balisky and Burton 1997; Halter et al. 1997; 
Sayer et al. 2005).

Supraoptimal soil temperature also strongly reduces root development through three 
mechanisms: reduction of cell elongation due to reduced seedling water potential (Gross-
nickle 2005), reduction of resources available for growth due to reduced net photosynthe-
sis following limitations of stomatal conductance (Graves and Aiello 1997; Wertin et al. 
2011), and increase of root respiration rates and consequent reduction of metabolizable 
resources available for construction of new tissues (Lyr 1996; Graves and Aiello 1997; 
Landhäusser et  al. 2001). These effects decrease the elongation rate of root tips, result-
ing in lower total root length and biomass (Lopushinsky and Max 1990; Lyr 1996; Peng 
and Dang 2003; Wertin et al. 2011; Zhou et al. 2011; Štraus et al. 2015). Seedlings grown 
under supraoptimal temperatures also show increased mortality of fine roots (King et al. 
1999; Pregitzer et al. 2000; Wan et al. 2004), which contributes to a decrease in fine root 
mass and length (Bronson et al. 2008; Zhou et al. 2011; Štraus et al. 2015).

Low soil temperature at outplanting sites is an important factor limiting seedling estab-
lishment throughout seasons and areas where temperatures are frequently suboptimal for 
root development (Nambiar et al. 1979; Andersen et al. 1986; Vapaavuori et al. 1992). For 
nursery seedlings, temperature is particularly important because container seedling pro-
duction exposes the root system to a wide range of temperatures that have the potential to 
greatly affect root growth (Bigras and Dumais 2005). Exposure to freezing temperatures 
can produce damage to root systems that is not easily detectable in the short term but can 
significantly affect seedling survival and growth (Davis and Jacobs 2005; Toca et al. 2018). 
Similarly, long term exposure to supraoptimal root temperature significantly increases 
seedling mortality (Lyr 1996). The effects of soil temperature on outplanting seedling sur-
vival and field performance are dependent to a great extent on seedling morphology and 
physiological status, since processes such as water flow, water potential, photosynthesis 
and root elongation show a rapid recovery once seedlings are exposed to optimal tempera-
tures (Halter et al. 1997; Iivonen et al. 1999; Lahti et al. 2005).
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Water availability and drought preconditioning

Water availability is a major limiting factor for plants in many environments, and is one 
of the most important causes of post-transplant stress and mortality in seedlings (Haase 
and Rose 1993; Grossnickle 2005). Climate change projections estimate an increase in the 
frequency and severity of droughts in forested regions (Seager et al. 2007, Hayhoe et al. 
2018). Thus, the production of seedlings able to withstand seasonal drought and post-trans-
plant limited water availability is becoming increasingly important for reforestation. Water 
stress can be controlled during nursery production to manipulate seedling physiological 
status and morphology. While excessive water availability (waterlogging) can be a source 
of hydric stress for seedlings, it is generally not employed for seedling quality improve-
ment due to its detrimental effects on development (Repo et al. 2016; Fujita et al. 2020, 
2021). The effects of waterlogging on forest seedling root development were described 
in many broadleaved (Colin-Belgrand et al. 1991; Schmull et al. 2000; Zúñiga-feest et al. 
2017; Fujita et al. 2020) and conifer (Repo et al. 2017; Fujita et al. 2020, 2021) species, 
and the physiological responses associated with waterlogging in trees were reviewed by 
Kreuzwieser et  al. (2014). In contrast, controlled water limitation treatments are applied 
in nurseries to slow growth and promote stress resistance. There is an abundance of ter-
minology for controlled water limitation treatments such as drought hardening, drought 
conditioning, or drought preconditioning. In this study, we will refer to this treatment as 
drought preconditioning. Drought preconditioning is practiced during seedling production 
to reduce transplant shock and improve seedling survival and root growth following out-
planting (Guarnaschelli et al. 2003; Vilagrosa et al. 2003; Arreola et al. 2006; Moler and 
Nelson 2021). The technique is also frequently effective at improving frost tolerance (Vil-
lar-Salvador et al. 2013). Drought preconditioning has four objectives (Landis et al. 1998): 
(1) manipulate seedling morphology, (2) induce dormancy, (3) acclimate seedlings to the 
outplanting environment, and (4) induce stress resistance mechanisms.

The effects of drought preconditioning depend to a great extent on the intensity and 
duration of the water stress treatment and a species’ drought tolerance or avoidance strat-
egy (Vilagrosa et  al. 2003 and 2006; Chirino et  al. 2009). Several studies report higher 
field performance and drought resistance of seedlings grown under drought precondition-
ing of moderate intensity as compared to high intensity (Khan et al. 1996; Villar-Salvador 
et al. 1999, 2004b; Arreola et al. 2006; Shi et al. 2019). During drought preconditioning, 
water stress must be of sufficient intensity to induce drought resistance mechanisms, but 
not of such high intensity that seedlings are irreversibly damaged. Since species vary in 
drought tolerance, the intensity of drought preconditioning necessary to induce desirable 
phenotypic changes must be adjusted for each species or perhaps drought-related strategy 
(Vilagrosa et al. 2003). Optimal drought preconditioning increases seedling stress resist-
ance by enhancing water uptake capacity, maintaining higher cell water content under 
drought conditions, and limiting water loss through morphoanatomical and physiological 
changes, which results in higher water use efficiency (Vilagrosa et al. 2003; Guarnaschelli 
et al. 2003; Sloan et al. 2020).

Drought preconditioning induces significant and varying effects on seedling physio-
logical processes affecting development and survival. For example, net photosynthesis 
and stomatal conductance can increase (Landhäusser et al. 1996; Vilagrosa et al. 2003; 
Guarnaschelli et al. 2003; Sloan et al. 2020), decrease (Stewart et al. 1995; Landhäu-
sser et  al. 1996; Villar-Salvador et  al. 2004b, 2013; Valladares and Sánchez-Gómez 
2006), or remain unchanged in response to drought preconditioning (Stewart et  al. 
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1995). Nutrient concentrations such as nitrogen, soluble sugars, and starch also show 
variable responses including an increase (Khan et al. 1996; Villar-Salvador et al. 1999, 
2013), decrease (Sanz Pérez et al. 2007), or no change (Royo et al. 2001; Sanz Pérez 
et al. 2007; Sloan et al. 2020). In contrast, drought preconditioning typically reduces 
seedling biomass (Khan et al. 1996; van Hees 1997; Torreano and Morris 1998; Royo 
et  al. 2001; Guarnaschelli et  al. 2003; Villar-Salvador et  al. 2013, 2004b; Arreola 
et  al. 2006; Valladares and Sánchez-Gómez 2006; Sanz Pérez et  al. 2007; Pritzkow 
et al. 2021), though some studies report no change (Villar-Salvador et al. 2004b; Sanz 
Pérez et al. 2007; Sloan et al. 2020). Drought preconditioning generally stimulates root 
growth more than shoot growth, and often reduces leaf area resulting in an increase 
in seedling R/S (Landhäusser et  al. 1996; van Hees 1997; Arreola et  al. 2006; Val-
ladares and Sánchez-Gómez 2006; Villar-Salvador et al. 2013), though examples exist 
of reductions (Royo et  al. 2001; Sloan et  al. 2020), and neutral responses (Vilagrosa 
et al. 2003; Guarnaschelli et al. 2003; Villar-Salvador et al. 2004b; Padilla et al. 2007) 
(Table  4). Total root biomass, however, is generally unaffected (Landhäusser et  al. 
1996; van Hees 1997; Vilagrosa et  al. 2003; Valladares and Sánchez-Gómez 2006; 
Padilla and Pugnaire 2007; Sloan et al. 2020) or slightly increased (Royo et al. 2001; 
Arreola et al. 2006; Valladares and Sánchez-Gómez 2006; Padilla and Pugnaire 2007) 
in response to drought preconditioning, with few examples of negative effects (Guar-
naschelli et al. 2003; Arreola et al. 2006). Drought preconditioning can also increase 
fine root biomass (van Hees 1997). Given the variability in the effects of drought 
preconditioning on root development (Table  4), a graphical synthesis of the detailed 
changes in seedling development and RSA across a gradient of water availability was 
not possible.

There is little information about the effects of drought preconditioning on the devel-
opment and architecture of root systems after outplanting. Nonetheless, the available 
results suggest that preconditioned seedlings can grow larger and deeper root systems 
(Arreola et al. 2006; Moler and Nelson 2021). Outplanting survival of seedlings grown 
under drought preconditioning treatment has been reported to increase (Driessche 
1992; Guarnaschelli et  al. 2003; Shi et  al. 2019) or remain equal compared to well-
watered control seedlings (Villar-Salvador et al. 1999, 2013; Royo et al. 2001).

Results are inconclusive on the suitability of drought preconditioning to produce 
seedlings with enhanced capacity to withstand arid conditions in most species, and 
thus debate remains concerning the applicability of the method for many species and 
contexts (Table  4). The morphological and physiological effects described across 
species and treatment levels present a tradeoff by stimulating root growth over shoot 
growth, but at the same time reducing growth potential since seedlings are typically 
smaller in size. The complexity of the interactions between species ecology, drought 
resistance physiology and drought preconditioning intensity calls for a more system-
atic study of these interactions. Specifically, there is a need to determine the optimal 
intensity and duration of drought preconditioning required to induce drought resistance 
mechanisms, to quantify effects of drought preconditioning on RSA, and to develop an 
understanding of species × treatment interactions.
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Interactions among environmental factors

The environmental conditions discussed above have a wide range of effects on tree 
seedlings across their gradients. However, seedlings are often simultaneously subjected 
to different intensities of environmental conditions in nurseries and following outplant-
ing. Studies have reported that seedling phenotype and outplanting performance are a 
result of independent effects of co-occurring environmental conditions (Krasowski and 
Owens 1991; Villar-Salvador et al. 2004a) or significant interactions across their gra-
dients (Nambiar et al. 1979; Sayer et al. 2005). Among the four environmental factors 
considered in this study, nutrient availability shows some of the highest magnitude and 
consistent interactions with the potential of improving seedling RSA and field perfor-
mance. For example, high nutrient availability significantly increases new root growth 
at low temperature (nutrients-temperature interaction, Nambiar et  al. 1979; Iivonen 
et  al. 1999), or high water availability (nutrient-water interaction, Pregitzer et  al. 
1993) but it does not interact with shading treatments (Villar-Salvador et  al. 2004a; 
Hernández et al. 2009; Luis et al. 2010). Interactions between nutrient availability and 
water limitation have been shown to significantly influence field performance, with 
increased nutrient availability alongside drought preconditioning treatments yielding 
increased seedling outplanting growth and survival (Driessche 1992; Shi et al. 2019). 
Environmental conditions aside from nutrients also interact with water availability to 
produce biologically meaningful changes in root system development and architecture. 
For example, low water availability combined with shading significantly reduced root 
development in Fagus sylvatica (Madsen 1994) and Pinus massoniana (Deng et  al. 
2020). However, van Hees (1997) found no interaction in Fagus sylvatica and Quercus 
robur, although this study had fewer levels of water availability and shading. Simi-
larly, drought preconditioning can significantly increase root growth under photoperiod 
reduction in Tsuga heterophylla and Picea abies (Grossnickle et  al. 1991; Luoranen 
et al. 2007). However, this interaction between water availability and photoperiod was 
not found in Thuja plicata and P. menziesii (Krasowski and Owens 1991; MacDonald 
and Owens 2006). The effect of drought preconditioning also depends on soil tem-
perature, where root growth is significantly reduced at suboptimal temperatures (Sayer 
et al. 2005).

Studies that simultaneously assess the effects of more than one environmental con-
dition on seedling development often show that roots differ in their response to these 
environmental signals. Soil temperature has a predominant effect on root development 
(Nambiar et al. 1979; Sayer et al. 2005), and within a range of temperature conducive 
to root growth, nutrient availability appears to have the hightest impact on the control 
of root development (Nambiar et al. 1979), followed by water availability (Sayer et al. 
2005; Villar-Salvador et al. 2013). The influence of light availability through shading 
and blackout is mediated by a functional equilibrium between shoot and root growth 
and growth cessation mechanisms, respectively, which ultimately affect biomass allo-
cation. Light manipulation has been shown to have, overall, less influence on root sys-
tems than nutrients (Villar-Salvador et al. 2004a; Luis et al. 2010) or water availability 
(Madsen 1994).
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Table 1   References that examined the effects of nutrient availability on seedling root to shoot ratios (R/S) 
and root system morphological and architectural traits. Symbols indicate a positive ( +), negative (−) or 
neutral ( =) relationship with an increase in the specific nutrient listed in the same row. Separation of sym-
bols with a slash implies that the effect varied with treatment intensity or interaction with a different treat-
ment in the same study

Nutrient availability

References Species Nutri-
ent

R/S Dry 
mass

Length Nr 
roots

Depth

Adams et al. (2013) Acer negundo N  + 
Populus tremuloides N  + 
Sassafras albidum N  + 
Liriodendron tulipifera N  + 

Browning and Whitney (1992) Pinus banksiana P  + 
Piceamariana P

Cuesta et al. (2010) Pinus halepensis NPK  =   +   +   +   = 
Fernández et al. 2007 Eucalyptus globulus N −  = / + 
Forde and Lorenzo (2001) Review paper P −

N −/ + 
Friend et al. (1990) Pseudotsuga menziesii NPK  + 
Hernández et al. (2009) Pistacia lentiscus NPK −  +   + 

Quercus suber NPK −  =   = 
Kramer-Walter and Laughlin (2017) Agathis australis NPK  =   = 

Dacrycarpus dacrydiodes NPK −  = 
Knightia excelsa NPK − −
Laurelia novae-zelandiae NPK −  = 

Larigauderie et al. (1994) Pinus taeda N  = / +   = / +   + 
López-Bucio et al. (2003) Review paper P −

N −/ + 
Luis et al. (2009) Pinus canariensis NPK −  +   +   + 
Luxmoore et al. (1993) Platanus occidentalis  =   +   + 
Mackie-Dawson et al. (1995) Acer pseudoplatanus L N −  +   =   + 

Picea sitchensis N −  +   =   + 
Nicodemus et al. (2008) Juglans nigra N −  = 
Péret et al. (2011), (2014) Arabidopsis thaliana P −
Pinno and Wilson (2013) Grassland  +  −

Forest  +   + 
Proe and Millard (1995) Picea sitchensis P −  + 
Salifu and Timmer (2001) Picea mariana N  + 
Salifu et al. (2008a) Quercus rubra  + 
Salifu et al. (2008b) Juglans nigra N −  = 
Sardans et al. (2006) Quercus ilex P  + 
Seabra et al. (2018) Swietenia macrophylla P −  = 
Toca et al. (2020) Pinus pinea NPK −  +   +   =   = 

Pinus pinaster NPK −  +   +   +   + 
Pinus nigra NPK −  +   +   +   + 

Trubat et al. (2006) Pistacia lentiscus N −  =   =  −
P  =   =  −

Trubat et al. (2012) Pistacia lentiscus N −  =  − −
P  =   =  − −

Uscola et al. (2015a, b) Quercus ilex NPK −  + 



1128	 New Forests (2022) 53:1113–1143

1 3

Table 1   (continued)

Nutrient availability

References Species Nutri-
ent

R/S Dry 
mass

Length Nr 
roots

Depth

Villar-Salvador et al. (2004ª) Quercus ilex −
Walch-Liu et al. (2006) Arabidopsis thaliana N −/ + 
Wang et al. (2013) Pinus tabuliformis N −/ =  − −
Wang et al. (2017) Pinus tabuliformis N − − −
Williamson et al. (2001) Arabidopsis thaliana P −
WU et al. (2005) Fraxinus mandshurica P −

Table 2   References that examined the effects of shading on seedling root to shoot ratio (R/S) and root sys-
tem morphological and architectural traits. Symbols indicate a positive ( +), negative (−) or neutral ( =) 
relationship with shading treatment compared to a natural light intensity control. Separation of symbols 
with a slash implies that the effect varied with treatment intensity or interaction with a different treatment in 
the same study

Shading
Reference Species R/S Dry mass Length Nr roots Depth

Deng et al. (2020) Pinus massoniana −
Luis et al. (2010) Pinus canariensis −  =   = 
Madsen (1994) Fagus sylvatica  ±   + 
Puértolas et al. (2009) Quercus ilex − −/ = 

Pinus halepensis − −/ = 
Reich et al. (1998a, b) Populus tremuloides −

Betula papyrifera −
Betula allegheniensis −
Larix laricina −
Pinus banksiana −
Picea glauca −
Picea mariana −
Pinus strobus −
Thuja occidentalis −

Valio (2001) Trema micrantha − −
Valladares et al. (2002) Quercus ilex  =  −

Quercus coccifera  =  −
van Hees (1997) Quercus robur −  = 

Fagus sylvatica − −
Villar−Salvador et al. (2004a) Quercus ilex −  = 
Welander and Ottosson (1998) Fagus sylvatica − −

Quercus robur − −
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Table 3   References that examined the effects of blackout treatment (photoperiod reduction) on seedling 
root to shoot ratio (R/S) and root system morphological and architectural traits. Symbols indicate a positive 
( +), negative (−) or neutral ( =) relationship with reduction in photoperiod compared to a natural photo-
period control. Separation of symbols with a slash implies that the effect varied with treatment intensity or 
interaction with a different treatment in the same study

Blackout
Reference Species R/S Dry mass Length New root growth Depth

Arnott et al. (1993) Chamaecyparis nootkat-
ensis

 =   =   = 

Bigras and D’aoust 
(1992))

Picea glauca  =   = 
Picea mariana  =   = 

Bigras and D’Aoust 
(1993)

Picea glauca  =  −

Burdett and Yamamoto 
(1986)

Pseudotsuga menziesii  =   = 
Pinus contorta  +   = 

Coursolle et al. (1997;) Picea glauca  +   = / +   = 
Davis (2006) Quercus rubra  + / = 
Fløistad and Eldhuset 

(2017)
Picea abies  +   =   = 

Grossnickle et al. (1991) Tsuga heterophylla  +   =  −/ + / = 
Hawkins et al. (1996;) Picea stichensis  +   +  −/ = 
Hawkins and Shewan 

(2000)
Picea engelmannii −
Picea glauca −

Jacobs et al. (2008) Pseudotsuga menziesii  +   = / +  −/ + / = 
Jiang et al. (2019) Pinus tabuliformis  =   = 
Kostopoulou et al. (2011) Cupressus sempervi-

rens L
 +   +   = 

Krasowski and Owens 
(1991)

Thuja plicata  +   = 

Landhäusser et al. (2012) Populus tremuloides  =   =   = 
Luoranen et al. (2007) Picea abies  =   = 
MacDonald and Owens 

(2006)
Pseudotsuga menziesii  =   =   = 
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Table 4   References that examined the effects of drought preconditioning on seedling root to shoot ratios 
(R/S) and root system morphological and architectural traits. Symbols indicate a positive ( +), negative (−) 
or neutral ( =) relationship with drought preconditioning compared to optimal water availability. Separation 
of symbols with a slash implies that the effect varied with treatment intensity or interaction with a different 
treatment in the same study

Drought preconditioning

Reference Species R/S Dry mass Length Nr roots Depth

Arreola et al. (2006) Silene vulgaris  +   ±   ±   + 
Valladares and Sánchez-Gómez 

(2006)
Quercus robur  + / =  −

Quercus pyrenaica  =  −/ = 
Quercus faginea  + / =  −
Quercus ilex  +  −
Quercus coccifera  =  −
Pinus sylvestris  =   = 
Pinus pinaster  +  −/ = 
Pistacia lentiscus  +  −
Pistacia terebinthus  =  −
Arbutus unedo  +  −
Viburnum tinus  +   = 

Guarnaschelli et al. (2003) Eucalyptus globulus  =  −  + 
Landhäusser et al. (1996) Betula papyrifera  +   = 

Populus balsamifera  +   = 
Padilla et al. (2007) Genista umbellata  =   +   +   = 

Lycium intricatum  =   +   +   = 
Retama sphaerocarpa  =   =   +   = 

Royo et al. (2001) Pinus halepensis −  + 
Sloan et al. (2020) Populus tremuloides −  = 
van Hees (1997) Quercus robur  + / =   =   = 

Fagus sylvatica  + / =   =   = 
Vilagrosa et al. (2003) Pistacia lentiscus,  = 

Quercus coccifera
Juniperus oxycedrus

Villar-Salvador et al. (2004b) Quercus ilex  = /−
Villar-Salvador et al. (2013) Pinus pinea  + 
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Table 5   References that examined the effects of soil temperature on seedling root development, range of 
temperatures and species studied

Soil temperature
Reference Temperature range (°C) Species

Alvarez-Uria and Körner (2007) 5, 15; heterogeneous temperature across root 
container

Alnus viridis

Alnus glutinosa
Picea abies
Pinus sylvestris
Pinus cembra

Andersen et al. (1986) 8, 12, 16, 20 Pinus resinosa
Balisky and Burton (1997) 18–25, 10–13 Picea engelmannii

Pinus contorta
Bronson et al. (2008) Dynamic temperature: ambient, ambient + 5 Picea mariana

Epilobium angustifolium
Domisch et al. (2001) 5, 9, 13, 17 Pinus sylvestris
Domisch et al. (2002) 5, 13 Pinus sylvestris
Graves and Aiello (1997) 26, 30, 32, 34, 36 Acer saccharinum
Greer et al. (2006) 7, 15, 25 Malus domestica
Grossnickle et al. (1991) 5,22 Tsuga heterophylla
Halter et al. (1997) 3, 7, 13 Eucalyptus pauciflora
Iivonen et al. 1999 Fast and slow warming Pinus sylvestris
Jacobs et al. (2008) 10, 15, 20, 25 Pseudotsuga menziesii
King et al. (1999) Dynamic temperature: high and low Populus tremuloides
Kummerow and Ellis (1984) 2, 7, 12 Eriophorum vaginatum

Carex bigelowii
Lahti et al. (2005) 9, 13, 18, 21 Picea abies
Landhäusser et al. (1996) 3, 10, 15 Betula papyrifera

Populus balsamifera
Picea mariana

Landhäusser et al. (2001) 5, 15, 25 Populus tremuloides
Picea glauca

Lopushinsky and Max (1990) 0.5, 5, 10, 15, 20, 25, 30 Pseudotsuga menziesii
Abies amabilis
Abies procera
Pinus contorta
Pinus ponderosa

Lyr and Garbe (1995) 5, 10, 15, 20, 25, 30, 35 Pinus sylvestris
Fagus sylvatica
Tilia cordata
Quercus robur

Lyr (1996) 5, 10, 15, 20, 25, 30, 35 Quercus robur
Larix decidua
Picea abies
Pinus nigra
Pseudotsuga menziesii

Nambiar et al. (1979) 5, 10, 15, 20 Pinus radiata
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Future research and conclusions

Root systems of forest tree seedlings exhibit phenotypic plasticity in response to the avail-
ability of resources and environmental conditions. Among related studies, almost all 
environmental factors reviewed in this paper were found to cause positive, neutral, and 
negative effects on seedling root development, indicating that treatments are often species-
specific, the underlying mechanisms are complex, and the type, duration, and magnitude 
of treatments must be considered when treatments are integrated into seedling improve-
ment programs. The neutral and moderate developmental effects described in response to 
environmental factors underline the important role that physiological mechanisms play in 
acclimation, thus conferring seedlings a certain degree of resilience to changes in environ-
mental conditions.

Future research should more specifically focus on understanding how nursery treat-
ments interact with major limiting factors at the outplanting site to aid in the development 
of treatments to improve RSA, mitigate planting stress, and improve seedling field perfor-
mance. Because of the frequent interactions among factors described in this review, more 
studies need to be designed to improve understanding of which interactive factors most 
strongly affect seedling root development and architecture, as well as field performance. 
Future research should also link seedling post-transplant root architecture to nursery grow-
ing conditions in order to capitalize on root plasticity for improving seedling performance 
under stressful conditions. Furthermore, the analysis of root architecture should take into 
account root orders that distinguish between absorptive fine roots for resources uptake and 

Table 5   (continued)

Soil temperature
Reference Temperature range (°C) Species

Overdieck et al. (2007) 4, 2, –2, –4 Fagus sylvatica
Peng and Dang (2003) 5, 10, 15, 20, 25, 30, 35 Populus tremuloides

Picea mariana
Picea glauca
Pinus banksiana

Ryyppo et al. (1998) 5, 12, 20 Pinus sylvestris
Sayer et al. (2005) 13, 18, 23 Pinus echinata

Pinus palustris
Pinus taeda

Štraus et al. (2015) 12,15; dynamic temperature Fagus sylvatica
Tryon and Chapin (1983) 5, 10, 15, 20 Populus tremuloides

Picea mariana
Populus balsamifera

Vapaavuori et al. (1992) 5, 8, 12, 16, 20 Pinus sylvestris
Picea abies

Wan et al. (2004) Dynamic temperature: ambient and high Acer rubrum
Acer saccharum

Wertin et al. (2011) 23, 26,29 Quercus rubra
Zhou et al. (2011) Dynamic temperature: ambient, ambient + 5 mixed hardwood
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coarse roots for transport to reduce the intrinsic limitations of assigning these functions 
to root diametrical classes. The new technologies being developed in agricultural research 
capable of visual assessment of root architecture in the soil, such as digital phenotyp-
ing based on X-ray computed tomography, can open new opportunities for studying the 
dynamic responses of root systems to environmental conditions in forest tree species.

Major findings synthesized in this review provide a new perspective of the importance 
of nursery growing conditions from the standpoint of seedling root development and archi-
tecture, which are often overlooked. Among the four environmental factors considered 
in this study, nutrient and water availability have the greatest potential for manipulating 
root development. Root growth and architecture are simultaneously regulated by soil- and 
plant-stored nutrient availability. High nutrient availability increases overall root develop-
ment, branching, and rooting depth until plants reach nutrient sufficiency, which can cause 
root growth inhibition. Although water availability strongly affects root growth, results 
are inconclusive on the suitability of drought preconditioning to produce seedlings with 
enhanced capacity to withstand arid conditions in most species. Overall, drought precondi-
tioning reduces seedling size and promotes root growth more than shoot growth, and often 
reduces leaf area. Nutrient availability and drought preconditioning can have opposite 
effects on seedling morphology and physiological status. However, high nutrient availabil-
ity and strategic drought preconditioning can improve seedling outplanting stress resist-
ance, survival and growth. Meanwhile, soil temperature and light availability manipula-
tions can be more efficiently used to control seedling growth cessation and induce stress 
resistance mechanisms. Root systems respond differently to light availability, as imple-
mented through shading or blackout treatment. While both treatments tend to reduce over-
all seedling growth, shading promotes shoot growth over roots and blackout treatment has 
the opposite effect. Due to the prominence of root system responses to interactions among 
growth conditions, care must be taken in interpreting studies of root systems that manipu-
late only one factor at a time. This synthesis shows that there is a strong potential for addi-
tive and interactive effects between environmental conditions to improve seedling RSA and 
outplanting performance; however, these effects need to be disentangled and tested in a 
variety of forest tree seedlings.
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