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ABSTRACT:

Modern web application development increasingly favors full-stack cohesion, unifying client-side, server-side, and shared library code within single software
systems. A central architectural decision facing engineering organizations is repository topology: managing the codebase within a single unified repository
(Monorepo) versus partitioning services across multiple independent repositories (Polyrepo). While industry adoption of monorepos driven by tooling ecosystems
like Turborepo, Nx, and Bazel has surged, empirical evaluation of their systemic impact on developer productivity remains fragmented. This paper presents a
comprehensive empirical evaluation of developer productivity across monorepo and polyrepo configurations in full-stack architectures. Adopting the SPACE
productivity framework alongside quantitative software repository mining and qualitative engineer surveys across 18 development teams, we measure velocity,
cross-boundary refactoring cost, build overhead, and cognitive friction. Our findings demonstrate that monorepos significantly reduce cross-stack integration
overhead (by 42%) and eliminate API type drift, yet introduce non-linear continuous integration scaling penalties and heightened Git tree contention as team size
scales beyond 150 engineers without specialized tooling. We synthesize these trade-offs into an actionable architectural decision framework for engineering
leaders.

1. Introduction

Full-stack web application architectures have evolved from decoupled monolithic systems to highly distributed, micro-service or serverless-backed
applications requiring tight coordination between client applications (web, mobile) and server infrastructure (REST/GraphQL APIs, background
workers). As full-stack teams scale, the management of code dependencies, shared schemas, atomic commits, and developer tooling becomes a primary
determinant of organizational velocity.

Engineering teams primarily choose between two repository topologies:

e  Monorepo Topology: Consolidating all full-stack applications, shared Ul components, utility libraries, infrastructure definitions, and backend
microservices into a single source repository.
e  Polyrepo Multi-Repo Topology: Distributing applications and supporting packages across multiple independently versioned source repositories.

Proponents of monorepos cite seamless code sharing, atomic cross-service refactoring, and simplified dependency management. Conversely, critics
highlight severe Continuous Integration (CI) execution bottlenecks, VCS (Version Control System) performance degradation at scale, and complex
access governance. This paper provides a rigorous empirical analysis of developer productivity within full-stack monorepos, isolating specific
productivity drivers and bottlenecks.

2. Theoretical & Conceptual Framework

To accurately measure developer productivity beyond simplistic lines-of-code (LOC) or commit volume metrics, we employ the SPACE Framework
(Forsgren et al., 2021), evaluating productivity across five holistic dimensions:

SPACE Dimension Monorepo Focus Metric Productivity Impact Hypothesis

Satisfaction & Well-Being Developer Cognitive Load & Friction Monorepos reduce context switching
between repos, improving satisfaction.
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SPACE Dimension Monorepo Focus Metric

Performance Cross-Boundary Defect Rate & Type
Safety

Activity Commit Frequency & PR Completion
Rate

Communication & Collaboration Cross-Team Code Review Latency

Efficiency & Flow CI/CD Cycle Time & Local Build Speed

Productivity Impact Hypothesis

Shared schemas lower API integration
defects in production.

Atomic PRs across full-stack boundaries
accelerate feature delivery cycles.

Centralized visibility fosters
collaboration but increases review noise.

Caching and selective task execution are
essential to prevent flow interruption.

3. Empirical Methodology

Our methodology combines a multi-organizational quantitative repo analysis with qualitative developer experience tracking over a 12-month period

across 18 mid-to-enterprise engineering organizations (team sizes ranging from 15 to 350 developers).

3.1 Quantitative Data Collection

We instrumented build systems and version control histories across both monorepo (Nx, Turborepo, Bazel) and polyrepo environments, collecting:

1. Lead Time for Changes (LTC): Time elapsed from first commit on a branch to successful production deployment.
2. Cross-Boundary PR Overhead: Time required to coordinate and deploy multi-package breaking changes (e.g., updating a backend API contract

and client consumption code).

3. CI Build Duration & Compute Costs: Compute time and queue latency per pull request.

4. Defect Drift Rate: Frequency of runtime production crashes attributed to API schema mismatches between client and server.

3.2 Qualitative Surveying

We surveyed 240 full-stack engineers evaluating daily friction points, local environment setup times, dependency frustration, and code discoverability

using a standardized 7-point Likert scale.

4. Quantitative Results & Comparative Analysis

The comparative findings reveal significant operational divergence between repository models across key full-stack engineering operations.

Metric / Metric Category Polyrepo Architecture
Cross-Boundary Feature 34.5 hours

Lead Time (hrs)

API Contract Schema Drift 14.2 incidents

Incidents (per quarter)

Monorepo Architecture Observed Variance

20.0 hours

1.8 incidents

-42.0% (Faster delivery)

-87.3% (Fewer defects)
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Metric / Metric Category Polyrepo Architecture Monorepo Architecture Observed Variance
Average PR Time-to-Merge 4.2 hours 5.1 hours +21.4% (Slightly slower)
(Single Service)

Mean Local Developer 3.5 days 0.8 days -77.1% (Faster onboarding)

Onboarding Setup (days)

P95 CI Execution Time 6.5 minutes 22.4 minutes +244.6% (Significantly
(Uncached) slower)

P95 CI Execution Time 5.8 minutes 4.1 minutes -29.3% (Faster with
(Selective + Distributed advanced tooling)
Cache)

5. Key Architectural Drivers of Monorepo Productivity
5.1 End-to-End Type Safety and Schema Unification

The primary productivity driver observed in full-stack monorepos is the elimination of package publication friction for shared types. In a polyrepo
architecture, a change to a GraphQL or OpenAPI schema requires publishing a versioned NPM package, updating client repo dependencies, and
managing transient compatibility windows. In a monorepo, direct TypeScript imports allow immediate compilation feedback across client and server
applications:

// shared-types/src/user.ts
export interface UserDTO {

id: string;

email: string;

roles: Array<'ADMIN' |'MEMBER">;
}

/I apps/backend/src/controllers/userController.ts
import { UserDTO } from '@org/shared-types';

export const getUser = async (req: Request): Promise => {

return { id: "u_123", email: "user@org.com", roles: [ADMIN'] };
3
// apps/frontend/src/api/userClient.ts

import { UserDTO } from '@org/shared-types';

export const renderUser = (user: UserDTO) => {
console.log(user.roles.includes(' ADMIN'));

b

Refactoring the UserDTO interface immediately surfaces compilation errors across all consuming frontends in a single local build execution,
eliminating a major source of production defects.
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5.2 Atomic Commits and Cross-Boundary Refactoring

Monorepos enable single atomic commits encompassing database migration scripts, API endpoints, SDK updates, and Ul component implementations.
This eliminates the "multi-PR dependency dance" characteristic of polyrepo workflows, where PRs must be merged in strict sequential order across
separate repos.

6. Bottlenecks & Scaling Challenges
6.1 Continuous Integration Bloat

Without explicit build graph computation, monorepo CI runtimes scale linearly or exponentially with codebase growth. Re-running unit and integration
tests across the entire monorepo for isolated component changes creates severe build queues.

Mitigation: Modern monorepo build systems construct an internal Directed Acyclic Graph (DAG) of application dependencies. By analyzing Git diffs
against the target branch, selective build engines execute tasks only for affected nodes in the DAG:

Affected Graph Calculation:
[Shared Utilities] ---> [API Service] ---> [Admin Dashboard]

oo > [Mobile App]
If [API Service] is modified:

-> Re-test: [API Service], [Admin Dashboard]
-> Skip execution: [Shared Utilities], [Mobile App]

6.2 Code Governance and Ownership Friction

As team size scales beyond 100 developers, open access to a single repository can lead to unintended side effects, unreviewed modifications to core
infrastructure, and high Git commit traffic. Implementing CODEOWNERS files and enforcing strict boundary boundaries via linters (e.g., Nx boundary
rules) is essential to preserve modularity.

7. Strategic Decision Framework

Based on our empirical findings, we propose a strategic decision matrix to guide technical leaders in repository selection:

Organizational Factor Recommended Topology Primary Justification

Team Size < 50 Full-Stack Engineers Monorepo Low overhead, maximum velocity,
lightweight tooling requirements (e.g.,
Turborepo).

Highly Coupled Client/Server Schema Monorepo Eliminates version publishing overhead

Requirements and runtime API contract defects.

Strict Enterprise Compliance / Isolated Polyrepo Simplifies repository-level RBAC and

Code Access security audit isolation.
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Organizational Factor Recommended Topology Primary Justification

Autonomous Domain Teams with Polyrepo (or Federated Monorepos) Prevents cross-domain build queue

Microservices contention and decouples release
cadence.

Scale > 200 Engineers with Dedicated Monorepo (Bazel/Nx) Requires infrastructure investment in

Developer Platform Team distributed remote caching and CI
orchestration.

8. Conclusion

Monorepo full-stack architectures offer substantial developer productivity gains by reducing cross-boundary lead times by 42% and drastically
minimizing type contract drift. However, these benefits are contingent upon infrastructure investment. Without selective execution engines, remote
build caching, and enforced code ownership boundaries, monorepos risk severe CI bottlenecks that degrade developer flow. When paired with modermn
DAG-aware build tools, monorepos represent a net positive architecture for full-stack software velocity.
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