'™ forests

Review

Characterizing the Utility of the Root-to-Shoot Ratio in
Douglas-Fir Seedling Production

Rebecca A. Sheridan *

check for

updates
Citation: Sheridan, R.A.; Davis, A.S.
Characterizing the Utility of the
Root-to-Shoot Ratio in Douglas-Fir
Seedling Production. Forests 2021, 12,
1745. https://doi.org/10.3390/
12121745

Academic Editor: Carlos

Gonzalez-Benecke

Received: 3 September 2021
Accepted: 24 November 2021
Published: 10 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Anthony S. Davis *#

Department of Forest Resources, Engineering, and Management, College of Forestry, Oregon State University,
Corvallis, OR 97331, USA; rebecca.sheridan@weyerhaeuser.com
* Correspondence: anthony.davis@unh.edu; Tel.: +1-(603)-862-1453
1 Current address: Weyerhaeuser, Centralia, WA 98531, USA.
f Current address: College of Life Sciences and Agriculture, University of New Hampshire,
Durham, NH 03824, USA.

Abstract: Nursery-grown tree seedlings are a vital component of successful restoration and refor-
estation programs, useful when calls for increased planting for industrial forest management are
made, and a tool for climate change mitigation. One of the most extensively planted and studied
trees in Western North America is Douglas-fir. Building on that body of work, this review was
conducted to identify if the root-to-shoot ratio (root:shoot, R:S), a commonly referred-to metric in
reforestation planning, yields meaningful guidance for producing seedlings that are better able to
establish across a variety of field conditions. The results indicated that there is wide variability in R:S
of nursery-grown seedlings. The relationship between R:S and subsequent root growth and seedling
survival varies depending on Douglas-fir variety, seedling stocktypes, and site conditions. The
biological and physiological basis for using R:S remains, and likely could be used to enhance seedling
quality; however, there is an ongoing need for planning and collaboration between researchers and
practitioners to identify how to best deploy this evaluation tool.
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1. Introduction

Planted seedlings are a key part of many reforestation plans, including environmental
restoration and efforts to address climate change [1]. To be effective in these projects,
seedlings must survive the transition from the nursery to establishment in the field [2].
There is a strong impetus to ensure the performance of planted seedlings, given that
there are over a billion seedlings being grown in forest nurseries in the United States for
reforestation and restoration [3] and global commitments to restore and expand forest
cover [4]. To that end, the Target Plant Concept was developed as a framework to guide
the successful establishment of nursery-grown seedlings [5].

One aspect of the Target Plant Concept is to identify quantifiable morphological and
physiological seedling attributes which ensure establishment success. In practice, nursery
professionals look for specific morphological metrics to guide seedling production, with
species and outplanting context in mind. However, defining specific attributes that correlate
with survival quickly is complicated. Assessments of seedling quality need to capture
the capacity of the seedling to survive under limiting environmental conditions, rather
than optimum conditions [6]. Nursery production regimes manipulate seedling growth
and physiology using environmental conditions and the timing of production cycles [7,8].
Stocktype decisions, container size, levels and types of fertilization, irrigation regimes,
chemical and biological properties of growing media, and many other factors influence
seedling growth [9-14]. In the field, silvicultural treatments, vegetation management,
microenvironments, planting quality, and seedling size and structure at planting (i.e.,
stocktype) impact seedling survival and growth [15,16]. Therefore, it is challenging to
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define quantifiable morphological attributes with enough specificity to be useful to nursery
professionals, while also allowing for the variability in attributes necessary to accommodate
different outplanting environments.

With this challenge in mind, we sought to explore reported values of one morpho-
logical attribute, the root to shoot ratio (R:S), in the context of one species, Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco), to answer the question of whether R:S can be quanti-
fied and linked to outplanting success. Nursery professionals and foresters have turned
time and again to the idea of ratio of the root biomass to the shoot biomass (R:S) as a
quality standard for nursery-grown seedlings [17]. We use the following definition of R:S:
“Total plant root system mass or volume divided by the total shoot system mass or volume,
usually on an oven-dry basis, sometimes on a fresh weight basis” [18].

Root mass (g)

Wass@ = root : shoot ratio )

If the seedling has more root biomass than shoot biomass, the ratio is greater than one;
if there is more shoot biomass to the seedling than root biomass, the ratio is less than one.

R:S is intended to indicate a morphological balance within a seedling to absorb water
through the roots and resupply the aboveground portion as moisture is lost through
evapotranspiration. The assumption is that a well-balanced seedling is prepared to survive
outplanting [19]. There is an ecological basis for assuming that R:S of a seedling indicates
its capacity to survive specific conditions at outplanting. When planted seedlings face
challenging environmental conditions, such as dry soils and high evaporative demand,
having adequate root function to supply the aboveground portion with sufficient water
is critical for growth and survival [20]. However, the usefulness of the R:S as it relates to
seedling quality and prediction of seedling survival is debated [19,21-23]. When literature
reviews examine a variety of species, stocktypes, and outplanting environments, the
outcomes are inconclusive as to whether the attribute of R:S can be linked to outplanting
success. Species are known to use different strategies to persist under the same conditions,
so it is likely that different species should have different target R:S.

Specific published recommendations for R:S in nursery production vary, stating that it
should be as high as possible [24], that R:S of 1:2 is desirable [21], or that it should be 1:2 or
more for container stock and 1:3 or more for bareroot stock [25]. Some studies examining
specific conditions found clear relationships between R:S balance (0.8 to 1.3) and survival,
such as for Douglas-fir and ponderosa pine on dry sites in north-central Washington [26].
However, other work found that seedlings with similar R:S, 1.5 to 1.7, represented the best
and worst surviving among a variety of tested stocktypes [27]. Even when specifically
considering R:S of container-grown conifer seedlings facing dry conditions after planting,
the ratio did not appear to be a predictive metric [21].

We wanted to know if a focus on a specific species could reveal more useful conclusions
about R:S. Given the evidence of adjustment to environmental conditions, the physiological
mechanisms that dictate biomass allocation, and the persistence of the concept of R:S in
the nursery literature as a way to communicate balance within seedlings, we sought to
define the range of R:S in Douglas-fir seedlings, refine morphological targets for nursery
growers, and further examine how R:S relates to seedling performance after planting.
Douglas-fir is one of the world’s premier timber species, and its planting and early-stand
silviculture have been studied for decades [28]. If an appropriate R:S is apparent in any
species, the amount of research that has been conducted on Douglas-fir seedlings might
reveal informative ratios.

This work was intended to address the following questions:

Is there an inherent R:S value for Douglas-fir seedlings?

Is there a consistent R:S to which Douglas-fir seedlings are grown in bareroot and container
systems?

Do Douglas-fir seedlings align with a consistent R:S after transplanting?

Does the starting R:S value correlate with survival after transplanting?
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Answering these questions could help define the desirable R:S value of nursery-grown
Douglas-fir seedlings.

2. Materials and Methods

We searched for published journal articles in two databases using keyword searches.
In the first, Web of Science, we used the terms “Douglas fir” OR “Pseudotsuga” AND “root*”
to search for articles published between 1967, the earliest year in the database, and March
2019. We intentionally searched for broad terms, because we were looking for published
data on root and shoot biomass, even in cases where the article did not explicitly discuss the
seedlings’ R:S. Searches that also included “shoot” OR “top” failed to capture articles that
were known to have the type of data we sought, so we did not further limit the search by
these terms. The second database used was Treesearch, an online system of the publications
authored by U.S. Forest Service scientists. The database compiles peer-reviewed work
published by the agency. Within Treesearch, we limited the search to general technical
reports, research papers, and research notes because journal articles had already been
represented in the Web of Science database. In cases where an experiment was published
as both a report and a scientific journal article, data from the journal article were used.
Conference abstracts were not included.

We evaluated titles and abstracts of the resulting studies for inclusion based on
whether a study met the following criteria: (1) measured individual Douglas-fir trees,
even if the data were reported as means for a sample of seedlings, and (2) reported R:S or
biomass data for roots and shoot. For this review, we were not interested in studies that
primarily focused on forest ecosystem dynamics, including community-level belowground
biomass; papers on tree disease or mycorrhizae (unless used as a nursery amendment);
or papers that reported only aboveground growth. If R:S was not reported, but root and
aboveground biomass were, we calculated the ratio (Equation (1)). For data reported
only in a figure, we used the web version of WebPlotDigitizer to extract the values [29].
We recorded relevant information on seedling subspecies, average total biomass, age,
stocktype, history of planting, and growing environment to the extent that it was available.

In addition to summarizing the collected data, we conducted the following statistical
analyses using R version 4.0.2. We used a one-sided t-test to test whether nursery pro-
duction regimes resulted in seedlings that matched the recommended R:S by stocktype.
For the remainder of the analyses, we tested for correlations using a Pearson’s coefficient.
Given that the data were drawn from a range of experimental and field conditions, we
wanted to determine whether there was a relationship between the variables of interest.
Where data were relevant to the question of interest and there were sufficient data to test
correlations, we subset the data by variety and production method: container or bareroot.

3. Results

From the two databases, 185 articles and reports were found to have published biomass
data for Douglas-fir seedlings. Of these, 79 were dropped from our analysis for having
unclear graphs or tables, reporting R:S on an area basis rather than an individual tree basis,
or not providing sufficient biomass data to calculate R:S. The published work represented
a wide variety of experimental and field conditions, two varieties of Douglas-fir (var.
menziesii, or coastal, and var. glauca, or interior), and bareroot and container stocktypes
and naturally-established seedlings. Each experimental treatment or observation group
that was reported within each article was a data point in our analysis.

Figure 1 shows the variability of published Douglas-fir seedling R:S values plotted
against seedling biomass on a log scale. The mean R:S for seedlings that started as container
stocktypes across all other variables was 0.61 (range = 0.20 to 2.76, sd = 0.32, n = 493). For
seedling that started as bareroot stocktypes, the mean R:S was 0.60 (range = 0.12 to 1.74,
sd = 0.29, n = 214). Interior seedlings (var. glauca) had a mean R:S of 0.57 (range = 0.12 to
2.18, sd = 0.35, n = 225). Coastal seedlings (var. menziesii) had a mean R:S of 0.61 (range =
0.19 to0 2.76, sd = 0.31, n = 508).
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Figure 1. Average R:S by seedling size from published Douglas-fir seedling research. Total seedling biomass is on a log

scale. The line at 0.5 represents the minimum R:S standard for container seedlings; at 0.3 is the minimum R:S standard for

bareroot seedlings [25]. Seedling stocktype is given by color and subspecies is indicated by shape. Adapted from [30].

We found several published R:S values for naturally-established and direct-seeded
Douglas-fir seedlings in forest environments. The R:Sin 4 to 6 year-old naturally-established
seedlings was 0.31 (n = 14) [31]. The R:S values in direct-seeded seedlings were 0.23 to 0.35,
0.13 to 0.20, and 0.26 in their first, second, and third years, respectively (1 = 55) [32]. In a
different direct-seeding experiment, R:S was 0.50 to 0.75 (n = 36) [33].

The variability in R:S occurs across different seedling sizes. The median total oven-dry
biomass was 4.2 g. Surveying the seedlings with total biomass within 1 g of median, R:S
ranged from 0.18 to 1.85. At the minimum R:S in this range, 0.18, the root contributed
0.68 g and the shoot 3.64 g to the total biomass of 4.32 g. This was an average R:S for a
group of bareroot 1 + 1 seedlings (var. menziesii) measured 6 months after transplanting
into a field [34]. At the other end of this range, for R:S of 1.85, the roots weighed 3.07 g
and the shoot 1.66 g for a total biomass of 4.73 g in a group of seedlings (var. menziesii)
raised in 8-L containers over 2 years for an experiment testing the effects of soil type on
growth [35]. For the smallest seedlings in the dataset, average total dry biomass was 55 mg
(R:5=0.25) [12], and for the largest seedlings, measured three years after planting 1 + 0
bareroot stock, average total dry biomass was 800 g (R:S = 1.3) [36].

For the subset of the data that reported R:S of seedlings produced through standard
nursery regimes, before transplanting in the field, we wanted to know if seedlings were
grown to the recommended R:S value, using [25] as the standard. This dataset included
experiments that compared different nursery treatments. The recommendation for bareroot
seedlings is 0.33; in the collected studies, bareroot seedlings were grown to a mean R:S
of 0.52 in nursery production, significantly greater R:S than recommended (p < 0.01; 95%
confidence interval: 0.49 to 0.56; n = 93). For container seedlings, the recommended R:S
is 0.5. Within these data, container seedlings were grown to a mean of 0.53, which is not
significantly different from the recommendation (p = 0.10, 95% confidence interval: 0.50
to 0.56; n = 123). The most common types of studies on impacts of nursery practices were
container size or spacing (163 values), fertilizer use (120 values), and mycorrhizae amend-
ments (81 values). Not all studies reported R:S before transplanting into experimental
treatments, so not all were included in the preceding analysis.
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To test the relationship between the time to produce a bareroot seedling and the
resulting R:S, we computed a Pearson’s correlation coefficient (Figure 2). There is a negative
correlation between the years a seedling grows in a bareroot nursery and R:S (R = —0.39,
n =93, p < 0.01). The stocktype number describes the number of years seedlings spend in
their first stage of the production cycle, given before the “+” sign, and then the number
of years seedlings spend in the second stage of the production cycle after transplanting.
For example, a 1 + 1 seedling was grown for one year, lifted, graded, and transplanted,
and then grown for a second year. The most commonly-reported stocktype in these data
are 2 + 0 seedlings. Bareroot values were all of the coastal variety or the variety was not
reported, but assumed to be coastal because of the locations the seedlings were grown in.

+
1.24
T R=-0.39, p=0.00015
+
i + Stocktype
E’ : + e 140
(=)}
pe + A 1+
P A
8 L4 3 = " 142
5 X e
g 2 g + 2+0
& 2 H N | 2+1
04 g * 3+0
-
0.01
15 20 25 3.0

Years in Production Cycle

Figure 2. Relationship between R:S and the time to produce coastal Douglas-fir bareroot seedlings.
Stocktype is indicated by shape and further described in the text. There is a negative correlation
between the years a seedling grows in a bareroot nursery and R:S (R = —0.39, n = 93, p < 0.01).

To test whether container size is related to resulting seedling morphology, we again
computed a Pearson’s correlation coefficient (Figure 3). We tested the two varieties sepa-
rately. There is no correlation between container volume and R:S for seedlings of either the
coastal variety (R = —0.08, n = 67, p = 0.55) or the interior variety (R=—0.22, n = 56, p = 0.10).
The most commonly-used container volume in the published research was 336 mL, which
corresponds to a Styroblock 45 (Beaver Plastics, Acheson, AB, Canada).

To test if there is a relationship between time since planting and resulting R:S, we
calculated Pearson’s correlation coefficient for seedlings, grouped by coastal and interior
varieties (Figure 4). Within this dataset are seedlings that were transplanted into field,
common garden, and pot experiments, though we only included pot experiments where
the growing container was large enough to not substantially limit root growth. Data were
not analyzed separately by stocktype because there are not enough reported values from
interior bareroot seedlings. There is a significant negative relationship between time since
planting and R:S in coastal seedlings (R = —0.18, n = 287, p = 0.004). There is a significant
positive relationship between time since planting and R:S in interior seedlings (R = 0.61,
n =85, p < 0.001). For studies that explicitly considered transplanted seedlings, the impact
of site preparation methods was a common theme (51 values).
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Figure 3. Relationship between R:S and container volume in which the seedlings were grown for

Douglas-fir seedlings of the (a) coastal and (b) interior varieties. There is no correlation between
container volume and R:S for seedlings of either the coastal variety (R = —0.08, n = 67, p = 0.55) or the
interior variety (R = —0.22, n = 56, p = 0.10).
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Figure 4. R:S after planting for Douglas-fir seedlings of (a) the coastal and (b) interior varieties.

There is a significant negative relationship between time since planting and R:S in coastal seedlings

(R=—0.18, n =287, p = 0.004). There is a significant positive relationship between time since planting

and R:S in interior seedlings (R = 0.61, n = 85, p < 0.001).

We computed Pearson’s correlation coefficients to assess the relationship between R:S
at planting and subsequent survival for both bareroot and container seedlings (Figure 5).
The timeframe on which survival was assessed varied by study. For bareroot seedlings,
there was a negative correlation between R:S at planting and survival (r = —0.31, n = 93,
p = 0.002). These data were taken from five papers with published survival of bareroot
seedlings. For container seedlings, there was a positive correlation between R:S at planting
and survival (r = 0.61, n = 14, p = 0.02). These data came from four papers that published
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survival of container seedlings. Survival data were only available for seedlings of the
coastal variety.

bareroot container
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Figure 5. Initial R:S and survival after planting for coastal Douglas-fir seedlings that were (a) bareroot
or (b) container stocktypes. The timeline on which survival was assessed is indicated by the size of
the datapoint.

4. Discussion

The aim of this review was to determine if there were answers to the following
questions among the published R:S values for Douglas-fir seedlings. If there are satisfactory
answers, they can be used to quantify the R:S for Douglas-fir seedlings, which relates to
outplanting success.

4.1. Is There an Inherent R:S Ratio for Douglas-Fir Seedlings?

Figure 1 demonstrates that there is a wide variety of R:S outcomes for Douglas-fir
seedlings. This is a result of the variety of seedling sizes, nursery cultural practices, and
outplanting environments considered within the literature review. Nursery production
manipulates R:S through pruning and other practices, as discussed in more detail below.
In the limited sample of direct-seeded and naturally-established seedling there was no
suggestion of a “natural” R:S for Douglas-fir. From these data, there is not a clear, single R:S
that should be the standard target to which all Douglas-fir nursery seedlings are grown.

4.2. Is There a Consistent R:S to Which Douglas-Fir Seedlings Are Grown in Bareroot and
Container Systems?

Bareroot seedlings are grown to exceed the recommended R:S of 0.33. The result
that bareroot stocktypes which take longer to produce have lower R:S is likely a product
of the nursery growing regime. The bareroot growing process reduces root structure
when lifting seedlings from nursery beds and when pruning root systems, while leaving
the aboveground portion of the seedling intact. This will make the R:S skew lower for
older, larger seedlings. The mean R:S for container seedlings matches recommended R:S
(0.5); given that these are means, approximately half the seedlings in the dataset have
smaller R:S than the recommendation. However, with no significant relationship in R:S
among container sizes, this suggests seedlings maintain balance across different container
sizes. This is likely the result of proactive control of seedlings growth through production
practices, such as reducing irrigation to slow height growth and encourage root growth



Forests 2021, 12, 1745

8 of 12

towards the end of the growing season. Nursery-grown seedlings are generally being
grown to match or exceed the minimum recommended R:S; however, the published values
do not provide enough performance-based information to update the recommendations to
include optimal ranges for R:S

4.3. Do Douglas-Fir Seedlings Align with a Consistent R:S after Transplanting?

There was a difference between the two Douglas-fir varieties in the relationship
between R:S and time since planting. Coastal seedlings grow more aboveground biomass
relative to belowground biomass, resulting in lower R:S as more time passes since planting.
For interior seedlings, the relationship is opposite, with higher R:S over time (five to six
years after planting). Interior seedlings originate from and are planted in more xeric
environments [37]; the positive trend in R:S after planting may indicate a growth response
to dry conditions [38]. However, more work needs to be done to link root growth after
planting to environment conditions, especially soil water availability. These results raise the
question of whether nursery-grown seedlings should be (1) grown to match the predicted
R:S that seedlings will attain at the outplanting site, or (2) grown to address limiting factors
at outplanting, e.g., with an intentionally high R:S to allow for some root loss with storage,
transport, and planting. Answering these questions will require additional research.

4.4. Does Starting R:S Correlate with Survival after Transplanting?

Surprisingly, there is a negative relationship between R:S at planting and survival for
bareroot seedlings. This is counter to assumption that more roots are always better [24].
Still, there are high rates of survival (>80%) for a range of starting R:S among bareroot
seedlings. Again, the bareroot nursery regime likely contributes to lower starting R:S
on some seedlings. The relationship between starting R:S and survival is positive for
container seedlings. Among these data, there is not a R:S that guarantees Douglas-fir
seedling survival after planting.

There are several caveats to address regarding the data in our analyses. The data
represent seedling metrics reported for nursery research, not standard nursery production.
Given that the median oven-dry biomass of seedlings in data set is 4.2 g, these experiments
were often working with seedlings that were smaller than full-sized nursery seedlings.
In some cases, seedlings were graded and culled based on size standards within the
experiment and so did not represent the entire range of seedling sizes, though this also
happens with nursery production. Seedlings with extreme R:S are likely excluded from
both research and field planting. Research papers on topics other than nursery production
(e.g., field survival, etc.) often did not use standard container sizes or report the bareroot
stocktype for seedlings used in experiments. Survival data are underreported, especially
linked to starting R:S. Though a simple method, different approaches to determining R:S
can cause variability. Smaller seedlings especially will be strongly impacted by slight
changes in allocation. However, it would be possible to move past these caveats with
careful attention to the research process and recordkeeping. Millions and millions of
Douglas-fir seedlings are grown using a variety of methods each year and planted across
a breadth of environmental conditions, so there is no shortage of real-world outcomes to
track. It would require a coordinated effort to measure and monitor seedlings to build a
more complete dataset.

In all future work related to seedling R:S, it is possible to improve on the experimental
design, methodology, and communication of the results to refine our understanding of
R:S and how it can be used to improve seedling production in nurseries. For example,
researchers are advised to:

e  Measure R:S at the onset of the project to establish a baseline, and after the implemen-
tation of experimental treatments,

e Include survival data, whether or not that was the primary focus of the research
project, to help with the interpretation of R:S,

e  Report the timeframe in which changes in R:S are considered, and
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e Clearly communicate the methods used to measure and calculate R:S, and the total
size of the seedlings measured.

Following these recommendations will help us better apply seedling research out-
comes to questions about seedling production and survival after planting.

There are also additional approaches for quantifying and understanding root function.
A key challenge to linking R:S to outplanting performance is that this metric is a proxy
measurement. The ratio of root biomass to shoot biomass is intended to indicate how well
the belowground part of the plant can provide water and nutrients to the aboveground
portion. However, proxy measurements are only as good as the validity of their underlying
assumptions. Additionally, roots have multiple functions. They are important not only
to supply water to the shoot, but also to anchor the plant, store carbon, and establish
mycorrhizal associations [39]. We can refine R:S as a proxy measurement and update
the underlying assumptions by taking advantage of recent progress in the fields of plant
hydraulic physiology and plant imaging.

Plant hydraulic physiology is the study of water movement through plants [40].
The methods used in hydraulic physiology research offer direct ways to measure water
movement through the plant, from the roots to the aboveground portion [41]. The field of
plant hydraulic physiology has also developed methods to scale the supply of water to the
leaf area of a plant, directly linking water supply to water demand [42,43]. There are also
models of plant hydraulic physiology that use metrics such as height, rooting depth, and
other morphological attributes-data that already tracked in nursery production- to predict
water supply and demand [44]. Adapting these models specifically for nursery seedlings
would directly link R:S to plant hydraulics.

A second opportunity for improving on the study of R:S is to take advantage of
advances in imaging technology and computing power. The R:S essentially disregards
any question of root architecture and arrangement, which may be limiting its applicability
to questions of plant performance. In-situ root imaging has been accomplished with
technologies such as MRI, CT, and 3D scanning [45]. Transparent growing media and
technologically-advanced rhizotrons offer new ways to tracking root growth over time [46].

It is important to keep in mind that simply more data will not solve all problems
related to roots on nursery-grown seedlings. We have demonstrated in this paper that
having lots of reported values for Douglas-fir seedlings still does not answer basic questions
about optimal targets for root systems. Root system analysis will still need to be linked
to practical outcomes of seedling performance, just like any other seedling metric [47].
For example, a researcher could use new imaging tools to investigate whether a practice
such as undercutting roots in a bareroot nursery leads to more fibrous root systems, as
quantified by a high-definition 3-dimensional scanning. A follow-up study could use tools
from plant hydraulic physiology to compare water movement through root systems with
varying amounts of fine roots, then model root hydraulic conductance in terms of plant
performance and survival at planting sites. Linking root traits to plant physiology and
ecosystem processes is an ongoing topic of study [48].

This review demonstrates the tension between specificity and variability in defining a
morphological metric such as R:S. On the one hand, the metric needs to be precise enough
to be practical and helpful for guiding nursery professionals in seedling production. On
the other hand, there needs to be flexibility and nuance regarding how the metric relates to
environmental conditions at outplanting. Morphological targets, such as R:S of 0.5, may
be most useful as broad guidelines rather than prescriptions for nursery production. The
target defines a range within which seedlings are most likely to be successful and the limits
beyond which they are unlikely to survive. To get more specific answers on the attributes
that determine outplanting success, we will need include additional information, such as
outputs from physiological models of water movement and measurements of soil water
availability at the outplanting site. Even for a very well-studied species such as Douglas-fir,
there is not a one-size-fits-all answer to the metric of R:S.
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5. Conclusions

Although R:S has not met expectations for defining nursery quality metrics, it is still
useful. That there is a balance in seedling biomass allocation is supported by work from
forest ecology and plant physiology. Despite the methodological issues with R:S, and the
lack of predictive power found in the metric based on this and past reviews, it is not a
metric that is likely to, or even should, be retired. However, there are steps that can be
taken to refine the conversation around R:S, and new research directions that can further
our understanding in the context of plant hydraulics and other elements of physiology.
R:S remains useful a simple description of seedling balance, underlain by physiological
explanations, but it cannot be the endpoint in discussions of seedling quality or growth
targets. As we are faced with the challenges of climate change and deforestation, on top of
the existing shortcomings in seedling survival for reforestation and restoration, we need to
improve seedling survival by understanding the interactions among seedling morphology,
physiology, and environment.

Author Contributions: Conceptualization, R.A.S. and A.S.D.; data curation, R.A.S.; writing—original
draft preparation, R.A.S.; writing—review and editing, A.S.D. and R.A.S.; funding acquisition, A.S.D.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: The data presented in this study are available on request from R.A.S.

Acknowledgments: The authors would like to thank the anonymous reviewers, academic editor
Carlos Gonzalez-Benecke, Jeremy Pinto, Dan Johnson, and Amy L. Ross-Davis for comments on
earlier versions of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Fargione, J.; Haase, D.L.; Burney, O.T.; Kildisheva, O.A.; Edge, G.; Cook-Patton, S.C.; Chapman, T.; Rempel, A.; Hurteau, M.D.;
Davis, K.T.; et al. Challenges to the Reforestation Pipeline in the United States. Front. For. Glob. Chang. 2021, 4, 629198. [CrossRef]

2. Stone, E.C. Poor survival and the physiological condition of planting stock. For. Sci. 1955, 1, 90-94.

3. Haase, D.L,; Pike, C.; Enebak, S.; Mackey, L.; Ma, Z,; Silva, C. Forest Nursery Seedling Production in the United States—Fiscal
Year 2019. Tree Plant. Notes 2020, 63, 26-31.

4. Haase, D.L,; Davis, A.S. Developing and supporting quality nursery facilities and staff are necessary to meet gl obal forest and
landscape restoration needs. Reforesta 2017, 4, 69-93.

5. Dumroese, R K.; Landis, T.D.; Pinto, ].R.; Haase, D.L.; Wilkinson, K.W.; Davis, A.S. Meeting forest restoration challenges: Using
the Target Plant Concept. Reforesta 2016, 1, 37-52.

6.  Folk, R.; Grossnickle, S.C. Determining field performance potential with the use of limiting environmental conditions. New For.
1997, 13, 121-138.

7. Ritchie, G.A. Assessing Seedling Quality. In Forest Nursery Manual: Production of Bareroot Seedlings; Duryea, M.L., Landis, T.L.,
Eds.; Martinus Nijhoff/Dr W. Junk Publishers: The Hague, The Netherlands; Boston, MA, USA; Lancaster, UK; Forest Research
Laboratory, Oregon State University: Corvallis, OR, USA, 1984; pp. 243-259.

8.  Duryea, M.L. Evaluating seedling quality: Importance to reforestation. In Evaluating Seedling Quality: Principles, Procedures, and
Predictive Abilities of Major Tests, Proceedings of the Workshop, Corvallis, OR, USA, 16-18 October 1984; Duryea, M.L., Ed.; Forest
Research Laboratory, Oregon State University: Corvallis, OR, USA, 1985; pp. 1-4.

9. Dumroese, R.K,; James, R.L.; Wenny, D.L. Hot Water and Copper Coating in Reused Containers Decrease Inoculum of Fusarium
and Cylindrocarpon and Increase Douglas Fir Seedling Growth. HortScience 2002, 37, 943-947.

10. Jacobs, D.F,; Rose, R.; Haase, D.L.; Morgan, P.D. Influence of nursery soil amendments on water relations, root architectural
development, and field performance of Douglas-fir transplants. New For. 2003, 26, 263-277.

11.  Jacobs, D.F; Davis, A.S.; Wilson, B.C.; Dumroese, R K.; Goodman, R.C.; Salifu, K.F. Short-day treatment alters Douglas-fir seedling
dehardening and transplant root proliferation at varying rhizosphere temperatures. Can. J. For. Res. 2008, 38, 1526-1535.

12. Conlin, T.S.S.; van den Driessche, R. Influence of nutrient supply and water vapour pressure on root architecture of Douglas-fir
and western hemlock seedlings. Funct. Plant Biol. 2006, 33, 941-948.

13. Everett, K.T.; Hawkins, B.J.; Kiiskila, S. Growth and nutrient dynamics of Douglas-fir seedlings raised with exponential or

conventional fertilization and planted with or without fertilizer. Can. J. For. Res. 2007, 37, 2552-2562.


http://doi.org/10.3389/ffgc.2021.629198

Forests 2021, 12, 1745 11 of 12

14.

15.

16.

17.

18.
19.

20.

21.

22.
23.

24.

25.

26.

27.

28.
29.
30.
31.
32.

33.

34.

35.

36.

37.

38.

39.

Du¢i¢, T.; Berthold, D.; Langenfeld-Heyser, R.; Beese, E; Polle, A. Mycorrhizal communities in relation to biomass production and
nutrient use efficiency in two varieties of Douglas fir (Pseudotsuga menziesii var. menziesii and var. glauca) in different forest soils.
Soil Biol. Biochem. 2009, 41, 742-753.

Fleming, R.L.; Black, T.A.; Adams, R.S.; Stathers, R.J. Silvicultural treatments, microclimatic conditions and seedling response in
Southern Interior clearcuts. Can. . Soil Sci. 1998, 78, 115-126.

Schneider, W.G.; Knowe, S.A.; Harrington, T.B. Predicting survival of planted Douglas-fir and ponderosa pine seedlings on dry,
low-elevation sites in southwestern Oregon. New For. 1998, 15, 139-159.

Wahlenberg, W.G. Experiments with classes of stock suitable for forest planting in the Northern Rocky Mountains. J. Agric. Res.
1928, 36, 977-1000.

Sutton, R.F,; Tinus, R.W. Root and Root System Terminology. For. Sci. 1983, 29 (Suppl. 1), a0001-z0001.

Racey, G.D.; Glerum, C.; Hutchison, R.E. The Practicality of Top-root Ratio in Nursery Stock Characterization. For. Chron. 1983, 2,
240-243.

Davis, A.S.; Jacobs, D.F. Quantifying root system quality of nursery seedlings and relationship to outplanting performance.
New For. 2005, 30, 295-311.

Bernier, P.Y,; Lamhamedi, M.S.; Simpson, D.G. Shoot: Root Ratio Is of Limited Use in Evaluating the Quality of Container Conifer
Stock. Tree Plant. Notes 1995, 46, 102-106.

Roberts, R.; Struckmeyer, B. The effect of top environment and flowering upon top-root ratios. Plant Physiol. 1946, 21, 332-344.
Lavender, D. Plant physiology and nursery environment: Interactions affecting seedling growth. In Forest Nursery Manual:
Production of Bareroot Seedlings; Duryea, M.L., Landis, T.L., Eds.; Martinus Nijhoff/Dr W. Junk Publishers: The Hague, The
Netherlands; Boston, MA, USA; Lancaster, UK; Forest Research Laboratory, Oregon State University: Corvallis, OR, USA, 1984;
pp- 133-141.

Thompson, B.E. Seedling morphological evaluation: What you can tell by looking. In Evaluating Seedling Quality: Principles,
Procedures, and Predictive Abilities of Major Tests, Proceedings of the Workshop, Corvallis, OR, USA, 1618 October 1984; Duryea, M.L.,
Ed.; Forest Research Laboratory, Oregon State University: Corvallis, OR, USA, 1985; pp. 59-71.

Haase, D. Seedling Root Targets. In National Proceedings of the Forest and Conservation Nursery Associations—2010; Riley, L.E., Haase,
D.L., Pinto, J.R., Eds.; Tech. Coords; Proc. RMRS-P-65; United States Department of Agriculture, Forest Service, Rocky Mountain
Research Station: Fort Collins, CO, USA, 2011; pp. 80-82.

Lopushinsky, W.; Beebe, T. Relationship of Shoot-Root Ratio to Survival and Growth of Outplanted Douglas-Fir and Ponderosa Pine
Seedlings; Research Note PNW-274; United States Department of Agriculture, Forest Service, Pacific Northwest Forest and Range
Experiment Station: Portland, OR, USA, 1976; 8p.

Strothmann, R.O.; Roy, D.F. Regeneration of Douglas-Fir in the Klamath Mountains Region, California and Oregon; General Technical
Report PSW-81; United States Department of Agriculture, Forest Service, Pacific Southwest Forest and Range Experiment Station:
Berkeley, CA, USA, 1984; 35p.

Hermann, R.K.; Lavender, D.P. Douglas-fir planted forests. New For. 1999, 17, 53-70.

Rohatgi, A. WebPlotDigitizer Version 4.2. Available online: https://automeris.io/WebPlotDigitizer (accessed on 16 April 2019).
Teste, EP; Simard, S.W.; Durall, D.M.; Guy, R.D.; Berch, S.M. Net carbon transfer between Pseudotsuga menziesii var. Glauca
seedlings in the field is influenced by soil disturbance. . Ecol. 2010, 98, 429-439. [CrossRef]

Sheridan, R.A. Influence of Limited Water Access on Douglas-fir Seedling Root Systems, Physiology, and Growth. Ph.D. Thesis,
Oregon State University, Corvallis, OR, USA, 2019.

Barker, ].S.; Simard, S.W.; Jones, M.D. Clearcutting and high severity wildfire have comparable effects on growth of direct-seeded
interior Douglas-fir. For. Ecol. Manag. 2014, 331, 188-195. [CrossRef]

Strothmann, R.O. Douglas-fir in Northern California: Effects of Shade on Germination, Survival, and Growth; General Technical Report
PSW-84; United States Department of Agriculture, Forest Service, Pacific Southwest Forest and Range Experiment Station:
Berkeley, CA, USA, 1972; 10p.

Cannell, M.G.R.; Tabbush, PM.; Deans, ].D.; Hollingsworth, M.K.; Sheppard, L.J.; Philipson, ]J.J.; Murray, M.B. Sitka spruce and
douglas fir seedlings in the nursery and in cold storage: Root growth potential, carbohydrate content, dormancy, frost hardiness
and mitotic index. Forestry 1990, 63, 9-27. [CrossRef]

Minore, D. Germination, Survival and Early Growth of Conifer Seedlings in Two Habitat Types; Research Paper PNW-348; United States
Department of Agriculture, Forest Service, Pacific Northwest Research Station: Corvallis, OR, USA, 1986; 25p.

Chan, S.S.; Radosevich, S.R.; Grotta, A.T. Effects of contrasting light and soil moisture availability on the growth and biomass
allocation of Douglas-fir and red alder. Can. J. For. Res. 2003, 33, 106-117. [CrossRef]

Pinto, J.R.; Marshall, J.D.; Dumroese, R K.; Davis, A.S.; Cobos, D.R. Photosynthetic response, carbon isotopic composition,
survival, and growth of three stock types under water stress enhanced by vegetative competition. Can. J. For. Res. 2012, 42,
333-344. [CrossRef]

Joly, R.J.; Adams, W.T.; Stafford, S.G. Phenological and Morphological Responses of Mesic and Dry Site Sources of Coastal
Douglas-fir to Water Deficit. For. Sci. 1989, 35, 987-1005.

Danjon, F.; Stokes, A.; Bakker, M.R. Root Systems of Woody Plants. In Plant Roots: The Hidden Half, 4th ed.; Eshel, A., Beeckman,
T., Eds.; CRC Press: Baton Rouge, LA, USA, 2013; pp. 29-1-29-26, ISBN 9781439846483.


https://automeris.io/WebPlotDigitizer
http://doi.org/10.1111/j.1365-2745.2009.01624.x
http://doi.org/10.1016/j.foreco.2014.08.004
http://doi.org/10.1093/forestry/63.1.9
http://doi.org/10.1139/x02-148
http://doi.org/10.1139/x11-189

Forests 2021, 12, 1745 12 of 12

40.

41.

42.

43.

44.

45.

46.

47.

48.

McCulloh, K.A.; Domec, J.; Johnson, D.M.; Smith, D.D.; Meinzer, F.C. A dynamic yet vulnerable pipeline: Integration and
coordination of hydraulic traits across whole plants. Plant Cell Environ. 2019, 42, 2789-2807. [CrossRef]

Tyree, M.T,; Patifio, S.; Bennink, J.; Alexander, ]. Dynamic Measurements of Root hydraulic conductance using a high-pressure
flowmeter in the laboratory and field. J. Exp. Bot. 1995, 46, 83-94.

Meinzer, F.C.; Bond, B.J.; Warren, ].M.; Woodruff, D.R. Does water transport scale universally with tree size? Funct. Ecol. 2005, 19,
558-565. [CrossRef]

Tyree, M.T,; Velez, V.; Dalling, ] W. Growth conductance dynamics of root and shoot hydraulic in seedlings of five neotropical tree
species: To differng light regimes scaling to show possible adaptation. Oecologia 1998, 114, 293-298.

Sperry, ].S.; Love, D.M. What plant hydraulics can tell us about responses to climate-change droughts. New Phytol. 2015, 207,
14-27.

Atkinson, J.A.; Pound, M.P; Bennett, M.].; Wells, D.M. Uncovering the hidden half of plants using new advances in root
phenotyping. Curr. Opin. Biotechnol. 2019, 55, 1-8. [CrossRef]

Downie, H.; Holden, N.; Otten, W.; Spiers, A.].; Valentine, T.A.; Dupuy, L.X. Transparent Soil for Imaging the Rhizosphere.
PLoS ONE 2012, 7, e44276. [CrossRef]

Lobet, G.; Koevoets, L.T.; Noll, M.; Meyer, PE.; Tocquin, P.; Pages, L.; Périlleux, C. Using a structural root system model to evaluate
and improve the accuracy of root image analysis pipelines. Front. Plant Sci. 2017, 8, 447. [CrossRef]

McCormack, M.L.; Guo, D.; Iversen, C.M.; Chen, W.; Eissenstat, D.M.; Fernandez, C.W.; Li, L.; Ma, C.; Ma, Z.; Poorter, H.; et al.
Building a better foundation: Improving root-trait measurements to understand and model plant and ecosystem processes. New
Phytol. 2017, 215, 27-37. [CrossRef]


http://doi.org/10.1111/pce.13607
http://doi.org/10.1111/j.1365-2435.2005.01017.x
http://doi.org/10.1016/j.copbio.2018.06.002
http://doi.org/10.1371/journal.pone.0044276
http://doi.org/10.3389/fpls.2017.00447
http://doi.org/10.1111/nph.14459

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Is There an Inherent R:S Ratio for Douglas-Fir Seedlings? 
	Is There a Consistent R:S to Which Douglas-Fir Seedlings Are Grown in Bareroot and Container Systems? 
	Do Douglas-Fir Seedlings Align with a Consistent R:S after Transplanting? 
	Does Starting R:S Correlate with Survival after Transplanting? 

	Conclusions 
	References

